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ABSTRACT
A comprehensive investigation of the adhesion at the interface of a carbon fibre in an 
epoxy resin has been made. The fibre surfaces were modified to increase their adhesion 
to resin, by an electrolytic surface treatment which was applied at various current 
densities. Subsequent changes in the fibre properties relating to possible mechanical, 
physical and chemical contributions to adhesion have been monitored. Tensile tests on 
single fibres indicated that the treatment altered the strength of the fibre, which was 
found to be highest and least variable at the optimum adhesion level. A method was 
developed to determine the strength of fibres in the resin and these results confirmed 
the single fibre data. It was found that physical contributions to the bond strength were 
not significant and wettability of the resin on both untreated and treated fibre was 
adequate. In order to study the surface functional groups, a novel method of labelling 
the acidic sites and producing adsorption isotherms was developed. Surface acidity 
correlated well with adhesion levels. An additional study of the resin system indicated 
that the bond strength of the untreated fibre was only affected by shrinkage after cure.
Single fibre model tests were used to measure the adhesion improvement. Pull-out tests, 
modelled using a new combination failure criterion and fragmentation tests, indicated 
that the optimum adhesion level for this fibre/resin system was at 25 coulombs/m of 
the electrolytic treatment. Fractography studies indicated that failure in an untreated 
fibre/resin system involves shearing of an outer layer of the fibre, whereas for the 
treated fibre it is cohesive within the resin. The principle effects of the treatment were 
concluded to be due to chemical modification of the fibre surface coupled with the 
removal of a loosely adherent surface layer.
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1 INTRODUCTION
Mechanical properties of a fibre reinforced plastic are largely dependent on the 
interface between the two components. Strong adhesion improves strength and modulus 
but may reduce toughness, optimisation is therefore necessary. In carbon fibre /  epoxy 
composites the surface treatments are applied to the fibre in order to improve the 
adhesion to this optimum level. However we are a long way from a thorough 
understanding of the adhesion mechanisms and the modifications to the fibre surface 
necessary to achieve the optimum bond.
Many workers have studied the problem but usually only in one specific area. Different 
carbon fibres, surface treatments and resin have been studied and so comparisons could 
not be made. An additional problem was that most of the systems investigated were 
commercial and therefore very little was known about the details of production. It 
became increasingly obvious that what was required was a comprehensive study of the 
important aspects of the adhesion mechanism using a single carbon fibre /  resin system.
In order to do this one spool of XA carbon fibre was received untreated and unsized 
from the suppliers. We then treated this fibre with increasing levels of a commercial 
type electrolytic process. These fibres were used for the whole programme of work. One 
resin /  hardener system was supplied and the same batch used for all experiments. 
Samples were cured under controlled conditions. /■
The next stage was to fully characterise the fibres and resin. Properties were considered 
which might contribute mechanically, physically or chemically to the bond strength.
In Chapter 2 the manufacture and structure of the bulk and surface of the fibres is 
considered and then the various contributions to the adhesion mechanism are discussed 
in turn. Previous work is discussed and followed by present experimental studies. 
Mechanical factors considered (Section 2.2/2.3) include flaw severity and distribution 
which also yields information on fibre strength for subsequent modelling work on the 
interface. Physical bonding is studied (2.4) in terms of its effect on wettability and
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finally chemical bonding contributions are analysed by measuring the change in acidity 
and bonding potential of the fibre surface with increasing treatment.
In Chapter 3 the manufacture and properties of the resin are discussed together with 
previous work on mechanical, physical and chemical contributions of the matrix to the 
bond. In an attempt to experimentally explore these factors, resin properties were 
altered by additions or variations to the curing schedule and the corresponding effect 
on adhesion of untreated and treated fibres measured.
Chapter 4 concentrates on a study of the interface. Once an efficient bond has been 
established, applied stress can be transferred across the interface from the resin to the 
fibre and vice versa. This is the principle of reinforcement of the resin. It is therefore 
necessary to understand how the stress is transferred across the interface and this is 
discussed in 4.1. Existing techniques which have been employed to study the adhesion 
strength are then considered (4.2). Single fibre model tests have been selected for the 
present work because they provide a clearer idea of adhesion without the complications 
of neighbouring fibres.
The tests selected were fragmentation and pull-out, both of which require analyses of 
the stress state in the model composite in order to yield values of adhesive strength. 
The pull-out test (4.3) is studied in terms of two failure criteria. One involves the 
maximum shear stress of the interface exceeding the interfacial shear strength and the 
other considers debonding as crack propagation with an associated fracture toughness. 
A new model combining some features of both criteria is developed and applied to pull- 
out data of fibres treated by increasing levels of surface treatment. Interfacial 
properties for these fibres are then calculated.
The range of fragment lengths from the fragmentation tests (4.4) is a sensitive detector 
of changes at the interface and simple models can be applied to generate a value of an 
average shear strength for the interface. These are then compared with results from 
pull-out tests. The fragmentation test also generates values of strengths of the fibres 
whilst embedded in resin which can be compared to the values of strength in free air.
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Fractography of the untreated and treated fibre composites is discussed in 4.5, in order 
to establish whether the failure is interfacial (adhesive) or within the fibre or resin 
(cohesive). Fracture modes are studied using small area XPS and imaging XPS 
techniques with additional information from fragmentation tests.
At this stage (Chapter 5) it was necessary to consider the conclusions that previous 
workers had come to with regard to the effect of treatment on the fibre and apparent 
adhesion mechanisms. Finally a discussion of the present work is presented in Chapter 
6 considering the modifications to the fibre by application of the treatment and how 
these relate to the adhesion strengths determined by the single fibre model tests.
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2 FIBRE CHARACTERISATION
2.1 PAN BASED FIBRES
2.1.1 Introduction
The fibres selected for this study were PAN (polyacrylonitrile) based XA fibres 
manufactured by Courtaulds. The reason for their choice was primarily because they had 
been well characterised by the manufacturers and the information was published, 
providing a firm base on which to start the research. They also have many commercial 
applications, ranging from sports goods to aerospace and are reasonably priced.
2.1.2 Manufacture of PAN based fibres
Carbon fibre is manufactured industrially from polyacrilonitrile (PAN) fibre by a series 
of treatments, which convert it into a highly oriented graphitic structure with high 
strength and modulus. The graphite crystal structure consists of parallel sheet-like 
layers of carbon atoms separated at a distance of 3.35A. In plane there are very strong 
covalent bonds but weaker Van der Waals bonds hold the sheets together (see Fig.l.). 
In carbon fibre the structure is never perfect crystalline graphite but a slightly 
distorted, or turbostratic form. The highly oriented molecular structure of the PAN 
fibre is carried over to the carbonised filament.
Rayon, pitch, polyesters, polyamides, polyvinyl alcohol polyvinylidene chloride and 
phenolic resins have been considered and investigated as potential precursor materials 
for the production of carbon fibres by pyrolysis. Of these, rayon, polyacrylonitrile and 
pitch have been found to offer the greatest potential in terms of yield and cost. The 
major advantage of PAN as a precursor fibre is that it may be spun from solution and 
then stretched to produce a highly oriented molecular structure. The precursor has to 
satisfy the following:
a. It must be stable through all stages of the conversion treatment i.e. the 
structure of the polymer must be maintained and act as a nucleus for the
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formation of graphitic crystallites.
b. Yield must be as high as possible i.e. % of the original weight converted 
to carbon fibre
c. Cost should be as low as possible (cost of precursor + cost of treatment)
d. Conversion temperatures and times should be as low as possible.
The conversion from the polyacrylonitrile precursor involves five steps. The acrylonitrile 
(vinyl) monomer is produced from petroleum feed stock. It is polymerised by free 
radicals which break the C=C double bond producing a linear molecule with nitrile side 
groups. The nitrile groups are highly polar and result in strong secondary bonding 
between molecules. This results in the polymer not melting before it starts to degrade 
so that although it is a linear vinyl polymer it is not a true thermoplastic. The 
conversion process from PAN to carbon fibre involves the following steps and is 
summarised in Fig.2:
a. Spinning PAN precursor - the precursor cannot be melt spun so it is spun 
’wet’ or ’dry' from solution. The former produces a circular or kidney 
shaped cross section, the latter an irregular or ’dogbone’ cross section 
(see Fig.3). Wet spun methods are currently the most popular for carbon 
fibre fabrication.
b. Stretching the precursor to induce a high degree of molecular orientation.
c. Stabilisation in air (oxidation) under tension at 200°C. To produce high 
modulus, high strength fibres from PAN, it is necessary to preserve the 
stretch induced orientation parallel to the fibre axis and stabilize against 
relaxation phenomena and chain scission which might occur during 
carbonisation. Tension is therefore applied during this particular heat 
treatment to maintain the molecular orientation which would otherwise 
relax when the fibre was heated to above its Tg. During the oxidation 
treatment PAN is cyclicised into a ladder polymer which enhances 
thermal stability and provides the nuclei for subsequent graphite crystal 
formation.
d. Carbonisation at 1000°-1500° C in inert atmosphere - this is a process of 
pyrolysis when chemical and physical changes occur. All the hydrogen and 
most of the nitrogen are eliminated from the PAN in gaseous forms
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(NH3,HCN,CH^,CO) until the product is almost wholly carbon. It then 
consists of very small graphite crystallites and much amorphous carbon,
e. Graphitization at 2500-3000°C in inert atmosphere - At these 
temperatures graphite crystallites increase in size and the proportion of 
crystalline material increases. However, in polymeric carbon, because of 
the short distance between boundaries, the boundary restraint is 
extremely great and so perfect stacking does not occur. At the onset of 
carbonisation, a ribbon-like network is established. Regrouping to form 
extensive sheets is unlikely because this would involve migration of 
carbon atoms which requires a large amount of energy.
2.1.3 Structure of Carbon Fibres from PAN.
Important discoveries about the structure of carbon fibres began in the 1960’s. In the 
first X  ray diffraction studies, Johnson and Tyson (1969, 1970) concluded that the 
structure of HM fibres consisted of cube-like crystallites, stacked to form long strings 
parallel to the fibre axis. Fourdeux et al (1971) showed, using X ray diffraction and 
transmission electron microscopy, that carbon fibres were comprised of stacks of long 
winding ribbons preferentially oriented with the ’a’ direction parallel to the fibre axis. 
The degree of misorientation of the ribbons determined the fibre’s Young's modulus. The 
ribbon model is given in Fig.4 showing the crystalline parameters, £a and 1lc.
LeMaistre and Diefendorf (1971) showed, using transmission electron microscopy, that 
the basic unit parallel to the fibre axis consisted of microfibrils made up of several 
layers of graphite ribbons. Using polarized light microscopy they discovered optical 
anisotropy across a cross section of the fibre and developed the idea of an ’onion skin’ 
model. Diefendorf and Tokarsky (1971) showed that the amplitude of the ribbons varied 
from the centre of the fibres to the surface, the more highly oriented ribbons being 
closest to the fibre surface. Bennett et al (1976) used high resolution transmission 
electron microscopy to determine the mean stacking height of the basal planes.
Bennett and Johnson (1979) went on to develop the lamellar model involving an
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interlinked structure including tilt, twist and porosity (see Fig.5). It consisted of a 
random stacking sequence in the fcf direction and highly preferred orientation parallel 
to the fibre axis. Regions of crystallinity were considered to be separated in the 
longitudinal direction by zones of extensive bending and twisting of the basal layers at 
tilt, twist and bend plane boundaries which consisted of arrays of basal dislocations. 
Sharp edge microvoids separated adjacent crystallite regions in the transverse direction.
The idea of onion skins was developed by Nyo et al (1979) but Johnson (1979) discovered 
residual stresses in the fibre, circumferential in the sheath and radial in the core, which 
he decided was the main cause of the optical anisotropy. The existence of axial 
compression in the surface and axial tension in the centre was confirmed by Sorensen 
et al (1980). Chen et al (1981) discovered a modulus distribution related to a skin/core 
effect. Bennett and Johnson (1979) demonstrated that with high modulus fibres the 
effect of skin/core heterogeneity was real but only in the region of 0.5pm. 
Characteristic parameters of the skin and core regions have been obtained by TEM 
studies (Johnson, 1980) analogous to X ray diffraction studies on the bulk fibre. It was 
found that high strength fibres have no such skin-core effect, however there are a few 
layers at the surface which are better oriented than those further away from the 
surface, of the order of lOnm.
A development of the lamellar model has been made by Guigon and Oberlin (Guigon et 
al, 1984a, 1984b, Guigon and Oberlin, 1986, Oberlin and Guigon, 1988) using TEM. The 
model consists of layer planes with a variable transverse radius of curvature that 
decreases from the surface to the centre thus giving the appearance of skin core 
heterogeneity. This is probably due to the fact that the stresses produced near the 
surface can be released whereas those inside the core accumulate. The graphitic layer 
planes form tubes and structural perfection and flattening of the curvature is caused 
by heat treatment. They propose a basic structural unit (BSU) of less than lnm across 
for high strength fibres associated edge to edge in parallel to form large wrinkled 
aromatic layer sheets. This results in a porous structure with elongated pores parallel 
to the fibre axis (see Fig.6). XA fibres were found to have structural differences from 
other fibres, although they still possess the same tendency to have little skin/core
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heterogeneity.
As well as the quantitative methods of structural determination using TEM, Electron 
energy loss spectroscopy (EELS) can also be employed to give a qualitative estimation 
of crystallinity of the graphite in the carbon fibre (Morita et al, 1986). Shioya and 
Takaku (1989) endeavoured to overcome some of the problems involved in characterising 
the crystallites in carbon fibres by X-ray diffraction methods. Small angle X-ray 
scattering (SAXS) has also been employed by Stoll et al (1987) to determine structural 
characteristics of surface modified fibres. Inal et al (1980) carried out field ion 
microscopy studies to characterise the fibres.
Another technique which has been adopted to study the structure of graphite (Tuinstra 
and Koenig, 1970a, Nakamizo et al, 1974, Nemanich and Solin, 1979) and carbon fibres 
is Raman Spectroscopy. Tuinstra and Koenig (1970b) endeavoured to characterise the 
surface compared with the bulk of the fibre. The crystallite size on the surface was 
found to be larger than that in the interior. It was pointed out that the functionality of 
the fibre may be on the crystal boundaries and that the number of boundary atoms is 
inversely proportional to crystallite size. Therefore Raman spectroscopy should be able 
to characterise potential surface activity.
Important information on the surface structure has been obtained by Marshall and Price 
(1991) using scanning tunnelling microscopy. They showed that oxidised fibre surfaces 
consist of graphitic platelets 30x20x1 OOnm which protrude from the surface at an angle. 
Maximum exposure of the edge of the platelets occurs at a level of treatment known 
to give high chemical activity and peak interfacial shear strength. Superimposed on the 
platelets are slit like pores lying transverse to the fibre longitudinal axis. The model 
generated is reproduced in Fig. 7.
Recently this type of structure has been confirmed in XA fibres by Klinklin and Guigon 
(1991) who showed, using TEM, that the orientation of the basal layers were parallel to 
the surface for untreated fibres but perpendicular for treated fibres. The latter showed 
edges protruding onto the surface.
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2.1.4 The fibre surface and its contribution to adhesion
The surface of untreated carbon fibres does not bond well to resin materials and 
requires the application of a surface treatment. Nearly all commercial fibre is treated 
at source by proprietary processes.
The surface layer or basal planes may meet the free surface at varying angles and the 
actual structure depends on the precursor, processing route and final heat treatment. 
Edge sp2 carbons have a free bond and therefore will chemisorb oxygen eagerly to form 
a very strong carbon-oxygen complex. The lower energy basal planes that interact by 
the much weaker % bonding will not form strong bonds at the surface. Harvey (1986b) 
proposed that the oxidation temperature determines the proportion of each type of site, 
basal or edge.
The manufacturing process will affect adhesion since ordered fibres will have less edge 
planes and will be more difficult to modify by surface treatment (Goldstein et al, 1987). 
Surface treatment may modify the surface by either introducing or increasing the effect 
of any of the following factors. Surface area may be increased which would induce 
interlocking in the microroughness (flaws, porosity, foreign atoms, ’atomic1 roughness). 
This would also mean that sites for chemical bonding would be increased. Additionally 
there might be an etching action so a parallel basal plane is removed leaving edge 
planes free to bond or a weak defect laden layer is removed. Wettability may increase 
and a highly active surface may be produced by treatment which forms functional 
groups. These would form preferentially at the edges of basal planes and defect sites 
and may form bonds with resins.
Adhesion can be attributed to five main mechanisms which can occur at the interface 
either in isolation or in combination to produce the bond.
a. Mechanical adhesion
b. Physical adsorption and wetting
c. Chemical bonding
d. Electrostatic attraction - unlikely to have a major contribution to the
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bond
e. Interdiffusion - only relevant when two polymer surfaces are joining and
involves the diffusion of polymer molecules on one surface into the
molecular network of the other surface.
A schematic diagram of the PAN based carbon fibre surface is shown in Figure 8, 
indicating the three most important potential contributions to adhesion.
a. Mechanical adhesion.
Some bonding may occur purely by the mechanical interlocking of two
surfaces.
The strength in shear may be very significant for the composite and 
depends on the degree of roughness and the formation of any protrusions. 
If a weakly bonded outer layer is present, this may shear off.
Frictional resistance depends on the shrinkage pressure from resin due to 
a differential thermal contraction on cool down from post cure. This is 
not further considered here as measurements of the coefficient of friction 
cannot easily be made.
The efficient transfer of stress depends on the shear modulus of the fibre 
(Cox, 1952).
b. Physical adsorption and wetting
Wetting can be understood in terms of two simple equations (Kaelble, 
1971). In 1805 Young provided the first of a set of important relations by 
representing the equilibrium which defines the boundary of a liquid drop 
in contact with a solid
f s v  ~  Tsi = YjVcos®.......................... 2 .1 .1
where Ysv,Ysp and Yiv are the surface free energies, or surface tensions 
of the solid-vapour, solid-liquid and liquid-vapour interfaces respectively,
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and 0 is the contact angle. For spontaneous wetting to occur 0 = 0. In 
1869 Dupre showed that the work of adhesion could be defined in terms 
of Young’s equation
=  y sv+y iv~y s i .............................................2 - i -2
where W^, the thermodynamic work of adhesion of a liquid to a solid 
state, represents a physical bond resulting from highly localised 
intermolecular forces. This physical adsorption may be by Van der Waals 
forces (dipole/dipole,dipole/induced dipole or induced dipole/induced 
dipole or London dispersion forces) or by Hydrogen bonds or Lewis acid- 
base interactions. Physical bonds will be affected by surface 
contamination, entrapped air at the solid surface and the occurrence of 
large shrinkage stresses during cure, causing displacement of the surface.
c. Chemical bonding
A chemical bond may be formed between a chemical grouping on the fibre 
surface and a compatible chemical group in the matrix. The strength of 
the bond depends on the number and type of bonds and interface failure 
must involve bond breakage. Carbonylic, hydroxylic and/or carboxylic 
groups are formed in various amounts.
Treatments include wet oxidation - concentrated nitric acid, acidic potassium 
permanganate, sodium hypochlorite and hypochlorous acid at high or low temperatures; 
dry oxidation - air or gaseous CO and NO; anodic oxidation; organic coatings; inorganic 
coatings by CVD e.g. SiC; electropolymerisation; solution reduction treatment; chemical 
coupling agents; plasma treatment.
Wet oxidation depends on the reactivity of the surface towards the oxidation agents. 
Dry oxidation mostly modifies the surface area/topography and can produce severe 
degradation without a substantial improvement in shear strength. It can remove a few
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layers from the surface and smooth it increasing fibre strength if controlled carefully, 
but adhesion does not rise significantly. Anodic oxidation is the method mainly used in 
industry. The specific charge applied in anodic oxidation controls the degree of 
improvement in adhesion.
Kalnin (1979) reviewed the treatments available at the time and concluded that the 
predominant ones were oxidation. At that time also the state of the art treatments 
introduced 2-4 x increases in interface strength.
There has been considerable research into the effects of the treatments on the surface 
of the fibre and although it is generally accepted that adhesion is improved there is still 
uncertainty about the major mechanism. The anodic electrolytic method has been 
investigated by Jennings and Morgan (1987) who have studied the behaviour of carbon 
fibre electrodes during the course of electrolysis. They discovered that the anodes were 
electrochemically attacked but the mechanism of change was unclear.
2.1.5 Fibres and surface treatment used in the present work
2.1.5.1 Carbon fibre
The fibres used in the study are all from one single spool of Courtaulds XA carbon fibre 
received unsized and untreated. The fibre has received heat treatment at a temperature 
not above 1500°C. The fibres have high strength, 4.12GPa as measured by the 
manufacturers by tow test and a modulus of 228GPa.
2.1.5.2 Surface Treatment
The XA fibres used for the present work were received untreated and unsized and were 
treated in order to systematically alter the surface to improve their adhesive 
properties. The treatment selected was an electrolytic oxidation process first patented 
by Hercules (Paul, 1976). It was developed at the Royal Aerospace Establishment (RAE) 
by Dr.J.Harvey in order to carry out laboratory scale treatments. The process involves 
the electrolysis of carbon fibres conducted at potentials sufficient to liberate oxygen 
at the surface and is shown schematically in Fig.9.
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A tow of fibres is first passed through water and then over a series of anodes in the 
electrolyte. These are conducting and the electrical charge passes into the fibre which 
then becomes the anode of the eletrolytic cell. A series of graphite cathodes are also 
submerged in the electrolyte, ammonium bicarbonate. In the choice of electrolyte there 
are many factors to be taken into account, for example it is known that the electrical 
resistance of the fibres prepared from different precursor materials and which have 
undergone prior treatments and prepared by different methods will vary substantially. 
Ammonium carbonate and ammonium bicarbonate are preferred from the standpoint of 
low consumption of electricity. They also contain no harmful ions e.g. sodium or 
potassium. Ammonium bicarbonate produces good shear strength in the final composite 
and is often used commercially so was selected in the present work.
The treated fibre is then washed in tap water followed by distilled water. Finally, the 
fibre is passed through a hot air dryer (115°C) and collected on a take-up roll. The 
take-up roll is driven by a motor at constant speed and therefore the time each tow 
spends in the bath is constant. It is the specific charge applied which controls the 
degree of improvement in adhesion, time is constant and current is the variable. The 
level of current, I, is calculated from the following equation
” N m  ............2.1.3
P
2where ST is the level of surface treatment in coulombs/m , v is the velocity of travel, 
N is the number of fibres in the tow, m is the mass/unit length of the tow and p is the 
density of the fibre.
This is derived by considering the ST as current applied x time /  fibre area
ST = I t / A  w here A = n d l N
1 - 2  ST  v \
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t  = 1 / v  ST = I l / v d l N n
I  = STvndN............2.1.4
I f  m l- vp w here v =
= n d 2Np 
4
/n 2.1.5
On substitution into Eqn.2.1.4
7i NmI  = 2 ST v, 2 .1 . 6
During the course of each treatment, the time taken for a metre of tow to pass through 
the bath was measured every lOmin and the current adjusted accordingly in case of any 
small variations in the speed of the take-up roll. Voltage was also monitored , as was 
electrolyte bath and oven temperature. Average conditions for some treatment levels 
are given in Table 1. The treatment process had to be constantly watched as any tangle 
causing a longer duration in the bath than necessary would result in erroneous levels of 
treatment and the run would have to be abandoned. In any case there is variation
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between the amount of treatment received by the centre and surface of the tow due to 
poor electrolyte penetration (Guilpain et al (1990).
Fibres were treated primarily at the following levels: 25, 50, 75, 100, 150, 200, 300, 400, 
600, 800 C/m . When some preliminary adhesion tests (fragmentation testing see 
section 4.4) had been carried out and it was established that the improvement in 
adhesion levelled off around 25C/m and this was therefore the optimum adhesion 
level, more fibres were treated at the following levels: 1, 3, 5, 10, 15, 20 C/m" .
o
The treatments will be referred to by their level in coulombs/m (C/m ) i.e.XAl for 
1 C/m and untreated fibre referred to as XAU.
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Treatment 
Level (Cm-2)
Bath
temperature
rc)
Current
(Amps)
Voltage
(Volts)
1 18.3 0.0043 o -j o
3 18.8 0.0134 0.90
5 20.4 0.0220 1.00
10 20.6 0.0445 • o o
15 21.1 0.0682 1.13
25 21.3 0.1980 1.18
50 22.2 0.2270 1.38
75 21.6 0.3360 cn to
100 00 0.4500 CO o
400 19.2 1.8200 3.50
Table 1. Experimental conditions of the fibre surface treatment
15.1
Fig 1. The structure of the hexagonal modification of graphite and the apparent 
interlayer spacing (Fitzer, 1989)
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Fig.3. Cross sections of PAN based carbon fibres, 
showing circular and dogbone shapes 
(Bennett and Johnson, 1979)
Fig.2. Mechanisms of the stabilisation chemistry 
and subsequent pyrolytic carbonisation 
(Fitzer et al, 1986)
Fig.4. Schematic of the ribbon
structure of a carbon fibre 
showing crystalline 
parameters, (tc and (?a 
(Fourdeux et al, 1971) Fig.5. Schematic of the lamellar model 
of carbon fibre: a. model, 
b. interlinking of aromatic layers 
(Bennett and Johnson, 1979)
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Fig.7.
f i b r e  axis
Schematic diagram of the surface 
of the carbon fibre from STM studies 
(Marshall and Price, 1991)
Fig.6. Model of the micro texture of 
high tensile strength fibre 
(Guigon et al, 1984a)
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Fig.8. Schematic diagram of the carbon fibre surface showing the possible contributions
to adhesion
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Fig.9. Schematic diagram of the electrolytic surface treatment patented by Hercules 
and used in the present work (Paul, 1976)
2.2 PREVIOUS WORK ON MECHANICAL CONTRIBUTIONS TO ADHESION
2.2.1 Surface area and porosity
In order to investigate the possibility of interlocking in pores and the shear resistance 
based on surface roughness and friction coefficient, it is necessary to understand 
something about the surface area and porosity before and after treatment. The most 
commonly used method of determination of the surface area is adsorption and retention 
of gases although calorimetric methods and small angle X ray scattering are also 
employed to study porosity.
In the adsorption technique, surfaces are cleaned under vacuum and then exposed to 
successively higher pressures of a gas, usually nitrogen. The amount of gas adsorbed as 
a function of the pressure is monitored and plotted as an isotherm. This can then be 
fitted to a BET gas adsorption isotherm (Brunauer, Emmett and Teller discussed in 
Gregg and Sing (1967)) and a value for monolayer coverage calculated (i.e. number of 
gas molecules adsorbed to form one layer over the surface) (Drzal, 1977). The area of
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the nitrogen molecule is 0.162nm and from this the area of the surface available to 
nitrogen adsorption can be calculated.
Transitional pores or mesopores with widths or diameters in the range 2-200nm exhibit 
multilayer adsorption and capillary condensation. They are associated with a desorption 
branch on the adsorption isotherm. Micropores with width/ diameters less than 2nm are 
thought to be filled with nitrogen by a relative pressure of around 0.2 and these are also 
measured in this technique.
Apart from the usual adsorption of inert gases to measure surface area, it has been 
found possible to measure active surface area in a similar way. As the surface 
complexes are known to form only on the edge sites, it has been demonstrated (Rand 
and Robinson, 1977b) that the edge surface area can be measured by chemisorption of 
oxygen. Gravimetric monitoring of the amount of oxygen chemisorbed by the fibre after 
degassing at high temperature, gives an index of the chemical activity present. Active
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surface area can be determined by extrapolation of the low pressure linear portion of 
the adsorption isotherm to zero pressure. Rand and Robinson (1977a) also carried out 
determination of active surface area by flow microcalorimetry because they felt that 
the required degassing before oxygen chemisorption may open up areas inaccessible to 
the resin molecules and so the measurement may not be relevant.
There is quite a large discrepancy between results from different workers. Marsh and 
Wynne Jones (1964) investigated the effect of the gas used i.e. how the size of the 
adsorbing molecule would alter the results. Normally nitrogen, argon or krypton are 
used. Two commercial instruments are available - the 'Strohlein' area meter which has 
single point determination in the BET region and the ’Quantisorb1 which measures 
complete nitrogen adsorption desorption isotherms using flow chromatography.
Rand and Robinson (1977b) established that surface areas increased with increased nitric 
acid oxidation of the carbon fibres but found little difference with commercially treated 
fibres. This latter was also found by Drzal et al (1982). Further work was carried out 
by Robinson et al on XA fibre by nitrogen adsorption/desorption isotherms for 
determination of surface area and porosity (Robinson, 1985, Robinson et al, 1986a). No 
significant change in external surface area was observed until 3x standard treatment, 
with a 15% increase at 4x. Micropores were present, accounting for 20-30% of the 
external surface, their pore volume/capacity decreasing with increasing levels of 
treatment. Robinson et al rationalize the fall in microporosity as the removal of the 
outer carbon layers but it may be because the pore size is increasing over the size 
measured in the test. These surface area and microporosity results are shown in Fig.l.
A method to measure surface roughness was proposed by Shindo et al (1986) using 
diffraction patterns from a He-Ne laser beam. The surface area per unit length of one 
filament was obtained based on the assumption that the filament was a column having 
a circular cross section. Next, the surface area was calculated from the standard 
krypton adsorption technique and the difference between the two used to calculate a 
measure of surface roughness. This would give an indication of the coefficient of 
friction. They concluded from their work that surface area had an effect on adhesion.
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A method for determining the electroactive surface area of PAN based carbon fibres 
has been investigated by Porter et al (1989). The parameter measured is related to the 
conductivity perpendicular to the fibre surface and rate of electron transfer across the 
surface of the fibres and good correlation is found with chemisorption data and matrix 
adhesion.
The most recent work on surface topography of great value to our understanding has 
been by Marshall and Price (1991) who used scanning tunnelling microscopy to study 
PAN based IM fibres before and after oxidation. This has been discussed in section 2.1.2 
and the protruding platelets can be seen to have an effect on mechanical interlocking. 
With overtreatment there is severe pitting and loss of overlap between the sheets so the 
platelets stand as islands. This would reduce shear resistance. Coefficient of friction 
may also be affected by these changes. As mentioned previously, these observations 
have also been confirmed for XA fibres by Klinklin and Guigon (1991).
2.2.2 Surface flaws and distributions
2.2.2.1 Introduction
Information on the defects and their distributions on the fibre surface are important in 
the study of carbon fibre adhesion to resin because of the possibility of interlocking at 
the interface. It also provides some insight into shear resistance and the likelihood of 
the removal of defective layers with surface treatment. Many interfacial tests also rely 
on knowledge of the strength of a particular length of fibre for calculation of adhesive 
parameters. Firstly we will consider the introduction of flaws during the production of 
the fibres and relate structural phenomena to mechanical properties. After this the flaw 
distribution and strength/length relationships of fibres will be discussed. Finally testing 
methods used to determine these will be presented.
2.2.2.2 Formation of flaws and structure/ property relations
Many physical parameters change during the heat treatment of PAN-based fibres. 
During the oxidation treatment of PAN fibres the room temperature value of Young’s 
modulus remains constant and strength falls. At carbonisation temperatures of only
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400°C, strength and modulus rise. Between 1000°C and 3000°C the modulus rises 
continuously with temperature whilst tensile strength shows a maximum between 1200°C 
and 1500°C and subsequently falls (see Fig.2). The theoretical strength of graphite 
whiskers is about 19GPa (Kelly, 1973) and some fibres, especially pitch based do have 
strengths approaching this value.
A higher modulus is achieved in principle by aligning C-C bonds parallel to the fibre axis 
(Moreton et al 1967). Guigon et al (1984b) observed a rise in Young's modulus and a 
decrease in strength as the crystallite size Ca increases. This may be introduced by 
orientation induced during spinning or by prestretching of the precursor fibre followed 
by cyclization and cross linkages. It is necessary to ensure that imperfections are not 
introduced along with alignment of the lamellae (Manocha and Bahl, 1982). 
Graphitization causes better alignment with less wrinkling as the temperature is 
increased.
The decrease in strength after high heat treatment temperature is less easy to explain. 
Johnson and Tyson (1969) showed that up to 1200°C the experimental strength values 
follow a simple model of discrete flaws in an elastic body. Above 1200-1500 °C 
interpretation is more speculative. Factors affecting strength properties of carbon 
fibres include flaws within the volume of material and on the surface, inorganic 
impurities, organic impurities, irregular voids and cylindrical voids (Murphy and Jones, 
1971, Moreton,1977).
During heat treatment, internal flaws are transformed into the diverse flaws found in 
the final carbon fibre. Basal plane cracks (Mrozowoski cracks) are probably one of the 
more important volume flaws limiting strength. These occur as a result of anisotropic 
thermal contractions within the ribbon structure upon cool down from heat treatment, 
the surface layers are in axial compression and the central layers in axial tension. They 
are aligned along the fibre axis and affect strength and not modulus. The drop in 
strength as shown in Fig.2 could be as a result of these flaws. High strength fibres are 
heated to a temperature less than 1500°C. The final strength is influenced by the 
nature of the atmosphere, temperature and length of time of the heat treatment. The
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effect of cooling rate on mechanical properties is discussed by Jones and Duncan (1974) 
and Diefendorf and Tokarsky (1971) believe that preferred orientation causes strength 
to drop due to microcracking on cool down.
Many theories on flaws were reviewed by Goodhew et al (1975). Reynolds and Sharp 
(1974) proposed a crystallite shear-limit model of carbon fibre strength. They suggested 
a situation where structural constraints are imposed on the basal planes of misoriented 
crystallites. The shear stress induced parallel to the basal planes when tensile stress is 
applied to a fibre can be sufficient to cause basal plane rupture in the misoriented 
crystallites. In effect, the concentration of shear strain energy in a misoriented 
crystallite is not relieved by cracks parallel to the basal planes but by cracks at right 
angles. Once formed, a crack will propagate both across the basal plane and by 
transference of shear stress through adjacent planes.
Surface sensitive elastica loop tests e.g Thorne (1974) and Jones and Johnson (1971) 
which measure strengths over a very small gauge length in which the probability of 
finding a gross internal flaw is low, show a similar trend of failure strain with heat 
treatment. Analysis shows that both microstructural features and internal voidage 
contribute to the final limitation on strength (Tyson, 1975). Further work on the loop 
tests has been carried out by DaSilva and Johnson (1984) who confirmed the Reynolds 
and Sharp model. With more experimental data available Reynolds and Moreton (1980) 
attempted to develop a further model involving a failure criterion based on the 
concentration of strain energy in misaligned crystallites.
Bennett et al (1983) have shown that internal flaws which did not initiate failure were 
seen to have walls containing crystallites arranged mainly parallel to the fibre axis. 
Internal and surface flaws which did initiate failure showed evidence of large 
misoriented crystallites in the walls of the flaws. It is the presence of misoriented 
crystallites rather than the flaw which determines if failure will occur. This is entirely 
in agreement with Reynolds and Sharp model.
The measurement of the compressive strength of fibres has been carried out by
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Broutman (1970a,b) by embedding the fibres in resin. A decrease in compressive strength 
is found with increasing anisotropy (up to moderate orientations no change is found, but 
cracking is seen in highly aligned filaments).
Other attempts to relate mechanical properties to structural phenomena continued by 
Guigon et al (1984a,b). Linear relationships have been found between structural and 
mechanical properties. Also they found that the Nitrogen/Carbon ratio on the surface 
was related to microtexture and in turn to mechanical properties. Bahl et al (1984) 
discovered that the removal of a sheath of outer layers lowered the strength and 
modulus.
2.2.2.3 Flaw distributions and strength/length relationships of fibres
The filament strength can be described by a statistical expression which is a function 
of the number of different types of flaw and their respective spatial distribution along 
the fibre. The types of defect present will depend on the production method and it is 
expected that they are randomly distributed according to a Poisson function.
The idea that short fibres are statistically stronger than longer ones was introduced by 
Peirce (1926) who developed the weak-link model as a result of his studies on cotton. 
He inaugurated the concept that the strength of a chain of links was equal to that of 
the weakest-link. He also suggested that although the distribution of flaws in a fibre 
follow a Poisson distribution it is only the most severe flaws which need to be 
considered to model failure of the material. Recently, Wolstenholme and Bader (1991b) 
have described an analysis which tests the weakest-link hypothesis for carbon fibres and 
find it does not apply exactly. However, it was felt that perhaps the method of 
collection of data influenced the result.
Weibull (1951) proposed a general mathematical function for describing data taken 
randomly from a large population containing a single randomly distributed variable. As 
it is only the most severe flaw type which is of importance then the Weibull distribution 
function should be able to describe the single fibre strength data.
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The basis of the model is a cumulative distribution function derived from standard 
probability theory. If the strength of a single link is defined by a probability of survival, 
Ps at a stress o then probability theory gives the following result for a filament of n 
links -  (Ps)n and the probability of failure Pf = l-(Ps)n. It is also possible to express Pf 
as a cumulative distribution function of the form
o -o  w
Pf  = 1 -exp [ - L  (— — -) ] ............2.2.1
°c
which is known as the three parameter Weibull distribution where w is the shape 
parameter also referred to as the Weibull modulus , oc is the scale parameter or 
characteristic strength, L is the sample length, ow is the lower limit of strength and 
is taken to be zero so that a two parameter function is normally adopted without it.
The mean of the distribution of Y variables as with all continuous statistical 
distributions with a probability density f(y) (related to the cumulative distribution 
function F(y) by f(y)=dF(y)/dy) is given by (Coleman, 1958, Nelson, 1982)
Mean = [ ~ y f ( y ) d y ............2.2.2
J —0O
From this the following equation is generated for mean strength
a = oc. L~1/w. T [ l + — ] ............2.2.3c w
This corresponds to the arithmetic mean of the variables in the population. It can be 
equated to the sum of all variables multiplied by their probability densities.
The Weibull parameters may be estimated by graphical or analytical means. Since
In In (----) = w lno- w lno_+ lnl,............ 2.2.41 -P f  c
if In In (1/1-Pf) is plotted against In o it will produce a straight line of gradient w. The 
plots for fibres of different length will be displaced horizontally. This is demonstrated 
in Fig.3.
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An alternative graphical method involves taking the natural logs of the mean strength
lno = lnL+lnac+ln(r[l+— ] )............2.2.5
w c w
and plotting lna against InL giving a slope of gradient -1/w. There is some dispute as 
to which is the best method. Clarke (1988) suggests that the former method is more 
affected by errors in testing but these may be discarded leaving a more accurate 
determination of the parameters. Asloun et al (1989b) point out that the latter plot 
provides a simple method of extrapolating to short lengths of fibre.
Wolstenholme and Bader (1991b) point out the fact that testing for dependence on the 
Weibull model is not a test for dependence on weakest-link. As a result of this, Bourgain 
et al (1991) have recently demonstrated a new deterministic method to describe rupture 
probability based on a precise description of the real population of defects.
Experiments have been carried out by many workers on carbon fibres demonstrating the 
strength/length dependency (Moreton, 1969, Hitchon and Phillips, 1979, Bader and 
Priest, 1982). Strength has also been shown to be dependent on diameter (Cooke, 1987, 
Fitzer and Heine, 1988) for similar reasons. A variety of analytical methods are used 
to estimate the Weibull parameters by the method of moments, direct curve fitting and 
maximum likelihood techniques and these are surveyed in papers by Clarke (1988), 
Heavens and Murgatroyd (1970) and Trustrum and Jayatilaka (1979).
Up until 1982 statistical analyses of carbon fibre strength distributions considered only 
a single mode of failure, whereas experimentally determined strength distributions 
commonly exhibit several modes (Hitchon and Phillips, 1979). Beetz (1982a,b) 
investigated the use of a mixture of Weibull distributions which were adapted to the 
case of a bimodal distribution. Recently a modified Weibull function has been suggested 
by Phani (1988a,b), incorporating an upper and lower strength limit and one and two 
parameter distributions have been analysed by Asloun et al (1989b). They found supposed 
bimodal behaviour for only a few sample types and concluded that a unimodal 
description sufficed. Clarke (1988) discusses the existence of bimodal behaviour as being
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the combination of two single mode functions.
2.2.2.4 Methods of Assessment
Various methods have been introduced to test mechanical properties of carbon (and 
other) fibres, all of which have their advantages and disadvantages. These include the 
following (the three most important methods are schematically represented in Fig.4)
a. Single fibre strength test. (ASTM3544 76, ASTM3379 75)
b. Tow test used commercially as it entails resin impregnation and 
therefore produces useful data for applications in composite 
materials. (Bader and Charalambides, 1991).
c. Knot or loop test developed to avoid problems associated with 
testing at different gauge lengths (Krucinska, 1991)
d. Ultrasound techniques
e. Resistivity measurements developed by Rolls Royce who 
discovered that the resistivity of carbon fibres varied with tensile 
modulus.
f. Further methods include: Strain to failure and load measured in the 
SEM by use of a microtensometer (Jarvela, 1984), frequency 
changes with load and induction changes with elongation measured 
by a differential transformer (Kronert and Raith, 1990).
A review by Hughes (1986) examines problems with some of these techniques. 
Comparison of tests has been the subject of much debate (Moreton, 1980). Morita et al 
(1986) suggest that testing multifilaments of carbon fibre is more satisfactory than 
single filaments as it is more closely related to a composite material, it is nearer to 
theoretical considerations compared with tow tests but is not affected by the resin used 
(Harvey, 1986a, Bader and Clarke, 1989).
The effect of strain rate has been carried out by Wagner et al with pitch based fibres 
(1990c). They reported that the fibres possessed a Weibull distribution but that at low 
strain rates the scale parameter increases with rate and at high rates there is a strong 
decrease.
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2.3 EXPERIMENTAL INVESTIGATION 
OF THE MECHANICAL ASPECTS OF ADHESION
2.3.1 Introduction
In order to ascertain the connection between the density and distribution of defects and 
the adhesive properties but also to establish the strength/length relation, single fibre 
strength tests were performed on all fibres investigated in the present work. Surface 
area measurements were not made because firstly, XA fibres had been well 
characterised by Robinson et al as discussed in section 2.2.1. Also it was established 
that this property did not appear to affect the adhesion significantly. This will be 
further discussed in Chapter 5 which examines conclusions to date on adhesion 
contributions.
Weibull distribution functions were applied to the results in order to establish a Weibull 
modulus which would generate a value for the variability of the data. If  the sample is 
more flawed, the Weibull modulus is lower. The significance of single mode or 
multimodal behaviour was also considered as an indication of more than one type of 
defect.
2.3.2 Test method for single fibre strength
The method adopted for the determination of the tensile strength of the carbon fibres 
was based on the standard ASTM test method (ASTMD3379-75, ASTM3544-76, 1982) for 
single filaments of a fixed gauge length, 2000 x longer than the nominal filament 
diameter. This technique was adapted by the use of a multi window card with three 
gauge lengths (see Fig.5) so that a fibre of similar diameter from an adjacent part of 
the tow could be tested at three separate lengths, 75mm, 30mm and 12mm. This would
minimize one variable in the strength/length relation. At first a 5mm gauge length was
used also but this is below the required length specified in the ASTM standard and it was
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found that many more fibres broke before testing than in the other cases thus biasing 
the results.
Fibres were selected at random from a tow of 12,000 and removed by gently pulling 
with a piece of adhesive tape taking care not to select two fibres attached to each 
other. The specimen was centred over the tab slot and taped to each end. A two part 
epoxy adhesive was applied at the edges of the slot and allowed to cure for several 
hours at room temperature.
The tabs were gripped in specially designed mini grips so that the test specimen was 
aligned axially in a constant speed movable crosshead machine with a 50g load cell. 
Both sides of the tabs were cut away with small scissors or a hot wire cutter and the 
fibre extended to failure at .5mm/min.
Up to 48 fibres of each gauge length were tested for each of the following fibres : XAU, 
XA1, XA3, XA5, XA10, XA15, XA25, XA50, XA75, XA100 and XA400. The failure 
stresses were calculated from the maximum load on the load/extension plot and a value 
of the cross sectional area for each fibre. These latter were determined from the 
diameters assuming a circular cross section.
2.3.3 Diameter determination
The most convenient and accurate method available to measure the diameter of the 
single filaments is the Watson image shearing eyepiece (WISE) attached to an optical 
microscope. The principle of image shearing is achieved by means of a dichroic beam 
splitter giving colour differentiation of the beam (see Fig.6). The shear is proportional 
to the movement of the mirror and rotation of the setting head and the action of image 
shearing involves both components of the sheared image moving away simultaneously 
and by an equal amount from the point of zero shear. At this point a normal image is 
seen and rotation of the setting head will shear this image into two components, one 
red, one green. A specimen is measured by shearing its image until the edges of the two 
component images just touch each other, the extent of the setting to achieve this being
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noted.
In order to calibrate the WISE, polystyrene spheres prepared under conditions of zero 
gravity in the space shuttle Columbia were first measured using the above method. 
Certified by the National Bureau of Standards, they possess a uniformity of roundness 
and diameter, 9.89pm, with a standard deviation of only 0.9%.
2.3.4 Analysis of the results
The mean of the strength of each fibre type and gauge length were calculated. To 
investigate any possible differences between data sets collected on separate occasions, 
each days testing was separated and treated in the same way. All preparation techniques
e.g fibre handling and curing of epoxy adhesive were kept as constant as possible and 
the specimens were tested immediately after preparation. Testing conditions were also 
controlled, e.g. test rate and temperature. However, it was felt that there might be 
significant differences between one part of the tow and another and if fibres were 
sampled from different sections on different days then there may be noticeable 
variations in the results. The number of samples tested was noted, as was the number 
of samples with successful results for each separate batch.
In Section 2.2.2.3, it was mentioned that fibre tensile strengths may be treated by a 
Weibull distribution function to investigate their dependence on length. The distribution 
function (Eqn.2.2.1) of the two parameter model may be expressed as
Pf  = 1 -exp [ -L  ( — ) w] ...........................2 . 3 . 1
a c
where Pf is the probability of failure of a fibre of length L. The values of fibre 
strengths were ranked into ascending order and each one assigned a linearly distributed 
Pf value between 0 and 1 according to
p ( j )  = ( i - ° - 5  ) ...........................2 . 3 . 2
r n
where Pf is the probability of failure for the jth observation and n is the number of
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observations. Wolstenholme (1989) has carried out an extensive study of the probability 
models for the failure of fibres and discusses the estimator functions adopted for 
Weibull analysis. The estimator selected above, originally considered by Hazen is 
reviewed by Cunnane (1978) and was chosen by Wolstenholme for its unbiased nature for 
large samples. A simpler estimator, (j/(n+l), was also used to establish any significant 
differences in the parameters obtained as a result of the choice of estimator.
Weibull plots of lnln(l/l-Pf) versus In (stress) (Eqn.2.2.4) were constructed by a 
computer programme and a linear regression carried out to fit a straight line to the 
data. The gradient of this curve would be w, the Weibull modulus and intercept lnL- 
wlnac where L is the length of the sample and oc is the characteristic strength for unit 
length sample). From this, a value is calculated for acL" ^ w, the characteristic strength 
for a particular gauge length. There is often confusion as to the meaning of the 
characteristic strength and whether or not it is length dependent. This is because the 
parameter usually quoted as being the characteristic strength is in fact acL -1 w^. oc 
itself is the characteristic strength for a specified unit length.
In Section 2.2.2.3 we also discussed the fact that from the relationship of the mean 
fibre strength, Eqn. 2.2.3, it is evident that we can plot In (mean strength) against In 
(length) and obtain a plot with slope -1/w. The value for mean strength can be 
calculated in a variety of ways. It should be possible to calculate the average stress 
from each of the ranked stresses multiplied by their assigned probability densities. A 
far simpler method and one which may be considered just as valid is the use of the 
simple arithmetic mean from the actual data. Natural logs of these values have been 
plotted against In (length) for all the fibres and Weibull moduli acquired by linear 
regression. This is acceptable despite the low number of points on the plot (three 
lengths only) because each had been generated from many results.
A further method of generating the Weibull modulus might be to use those values of 
characteristic strength obtained using the Weibull plots described above. It can be seen 
from Eqn. 2.2.3 that the mean strength is related to the characteristic strength 
multiplied by a Weibull dependent length and a gamma function. As the gamma function
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will be constant, if ln(acL -1 w^) is plotted against In L, the gradient should be -1/w. As 
discussed above, the parameter generated in the Weibull programme is in fact the length 
dependent ocL~^w and these values can be used directly. This was completed for all 
fibre types.
2.3.5 Results and Discussion
The individual strength and diameter values have not been presented due to the large 
numbers of samples tested. The mean fibre strengths are to be found in Table 1 and 
plotted against surface treatment in Fig.7. For all fibre treatments there is a significant 
strength/length effect. This is expected from the weakest-link principle and will be 
discussed further below.
In order to explore the possibility of sampling differences between one part of the tow 
and another, the mean and coefficient of variation have been calculated for each test 
batch which represented those specimens prepared and tested during a single day. These 
are to be found in Table 2 and indicate that there are indeed sets of data which appear 
to be much more scattered than others. Taking XAU as an example, run 1 has a 
coefficient of variation always less than 20% but for run 3 it is over 20% for all gauge 
lengths. Similar discrepancies are observed with all fibres. Therefore it is important 
that the number of fibres tested should be large and they should be drawn from 
different positions in the tow.
It is possible that the XA3 results are biased by the one data set. However, the other 
fibres all appear to have at least one high and one low scatter data set so an average 
of all the data will provide a more realistic value.
One final important observation to make is that the peak values of mean strength are 
observed at XA5 and at XA25 with a reduction at the higher levels. The possible reasons 
for this behaviour will be discussed later.
Samples of cumulative distribution plots for the fibres tested are shown in Fig.8 for
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XA5, an example of the use of each estimator. These were calculated by a computer 
programme in which stress was determined from the force measured by inputting the 
diameter for each fibre in turn. The values were then ranked and assigned a probability 
of failure. The general form of these curves is as expected for all fibres. There is very 
little difference between 8a and 8b.
Some sample Weibull plots are shown in Fig.9. Two plots are given for XA5, for the two 
estimators (Fig.9a and 9b) and it is evident that there is very little difference between 
the two. One plot for the estimator as in Eqn. 2.3.2 is given for all other fibres (Fig.9a). 
They generally demonstrate bimodal behaviour. Occasionally, one gauge length appears 
to behave unimodally, but it is only fibres XA5, XA25 and XA400 which possess 
unimodal behaviour for all gauge lengths. In these cases, a single straight line (of 
gradient w) can be fitted to the data, indicating a good fit to the Weibull model.
The tendency for bimodal behaviour has been observed several times before and is 
discussed by Clarke (1988) who suggests that fracture behaviour can be described by two 
single mode functions, one each for a particular defect type. Hitchon and Phillips (1979) 
proposed that there were two flaw size distributions, one of a large number of small 
flaws and the other of a small number of large flaws. At longer lengths the fibre 
strength statistics would be determined by the large flaw population, while at shorter 
lengths the small flaw population would control.
The values of the Weibull modulus as calculated from the slope of the lines fitted to the 
plots in Fig.9 are shown in Table 3 for all gauge lengths. These Weibull moduli are lower 
than might be expected and will be inaccurate due to the assumption of a good fit to 
the Weibull unimodal model when in reality two slopes are observed in most cases. 
Taking values for the two separate slopes in turn for each gauge length and fibre type, 
alternative Weibull exponents are determined as shown in Table 4. These have no real 
physical meaning as the slopes have been fitted arbitrarily to the data because there is 
no way of establishing that the data should be divided in this manner. This would be 
possible only if different failure modes could be observed. The value calculated from 
linear regression of all the points should lie between those in Table 4. The stress at
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which the slope changes is also shown in Table 4 and it is interesting to note that for 
each surface treatment this is at a higher value for the shorter gauge lengths compared 
with longer ones. If this value of strength corresponded to a length below which a 
particular distribution of flaws was dominant then it should be the same for each sample 
length and this is not found.
The single slope Weibull moduli at each gauge length should be the same for a single 
fibre type but there are differences, probably due to the inaccuracies mentioned above. 
The three values for each surface treatment have therefore been averaged to give a 
single w to compare with other fibres. These are shown in Table 3 and we can see that 
the Weibull moduli are highest at levels XA5, XA15 to 25 and XA100. For the two slope 
fits in Table 4 we see that XA5, XA25 and XA100 also have high Weibull moduli for the 
lower slopes which are observed at all treatment levels. It would appear that there is 
a flaw type which is less randomly distributed at levels XA5, XA25 and XA100 and one 
which is not present atall at XA5, XA25 and XA400.
Also displayed in Table 3 are the values of the length dependant characteristic strength 
calculated from the intercept of the straight line with the y-axis which is equal to lnL- 
wlnac. These values of ocL_1 w^ indicate the length dependency as would be expected, 
the higher values shown for the shorter fibres. After examination of the characteristic 
strength values for all fibre types in Fig. 10 we see also that there are peaks in 
strengths at XA5 and XA25 as observed with the arithmetic mean values. The flaws 
which are less abundant at these levels are also less critical. There is very possibly an 
alternative flaw type causing the appearance of bimodality in the Weibull plot as 
discussed above and this may explain the drop in strength at higher treatment levels. 
These two flaw types will be different in their origin and in their behaviour. For 
example, one type might be voids or inclusions and the other may be flaws in the 
graphite sheets.
Calculated values for the Weibull moduli and characteristic strength from the linear 
regression of the Weibull plots by the use of j/n+1 are shown in Table 5. There is no 
significant difference between the characteristic strengths of one fibre type using one
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estimator compared to the other. This has also been shown by Asloun et al (1989b). 
However, there are differences in the Weibull moduli. This is because the slope of a plot 
is more likely to be altered by slight changes. The average Weibull moduli do however, 
show generally the same trend with surface treatment.
The plots of In (mean strength) against In (length) are shown in Fig. 11 for the mean data 
value and Fig. 12 for the characteristic strength generated mean values and demonstrate 
the length dependency. Only 2/3 fibre types are plotted on each to see them more 
clearly. In the majority of cases the plots are not too deviant from straight lines, 
however, it is difficult to say with only three points if there is a slope change at a 
similar stress to that found for bilinearity of the Weibull plots. The values of Weibull 
moduli from these curves are shown in Table 6. They are all higher than those 
determined from the unimodal plot. For both sets of data, Weibull moduli are much 
higher at XA5 as might be expected from the above results but XA25 has a surprisingly 
low value. It is suspected that the reason for this is because a great many of the fibres 
of short length failed before testing. These would be the weaker fibres and by being 
absent would bias the characteristic strength to a lower value. This would result in a 
higher value for the Weibull modulus.
An analysis was carried out on selected results from the present set by Wolstenholme 
(1991). The results, maximum likelihood and linear regression generated Weibull 
parameters, are displayed in Table 7. The same order of values are found for both 
characteristic strength and Weibull modulus as for the present analysis despite the 
smaller data set. There is an increase in strength at XA25 -XA50 followed by a 
decrease. The Weibull modulus is highest at XA25.
It is also pointed out by a likelihood ratio analysis that only XA100 seems to fit the 
Weibull distribution well. XA100 is the only fibre to fit the In (strength)/ln (length) plot 
well, whereas in the present analysis, the curves for XA3, XA5 and XA25 demonstrate 
linear relationships also.
The final study carried out on the strengths of the fibres was to investigate diameter
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dependency. Due to the manufacturing route there is a diameter variability from fibre 
to fibre. The means and standard deviations for each treatment level are shown in Table 
8. There is a very apparent trend of strength decreasing with increasing diameter for 
all fibres treated, at all lengths tested (examples are given in Fig. 13). This has been 
observed before and is discussed by Fitzer and Heine (1988). This means that the above 
analysis may be slightly inaccurate as it has assumed a constant diameter. However, the 
strength/length dependency should be unaffected by this because at each gauge length 
equivalent areas of fibre with similar diameter were tested.
A possible explanation for this behaviour may be that the increased surface area of 
fibre generates additional locations for critical flaws to be found and so the fibres are 
weaker. This may be due to the degree of misorientation of the layer planes near the 
surface of the fibre. If a fibre is thicker then there will be a larger number of cracks 
at a significant angle to the fibre axis and since these are more likely to be more 
effective as flaws than cracks of equivalent size aligned close to the fibre axis, the 
thicker fibres would exhibit lower tensile strengths.
The above information leads us to a model of the flaws on the surface of the fibre as 
the treatment process progressively alters it. At the lower levels of treatment there is 
a rise in strength, indicating that the severity of the flaws has been reduced. At XA5 
it appears that one type of random flaw has been removed. It is proposed that the 
surface is being cleaned by the oxidation process and loosely adherent debris is removed 
from the surface in a polishing action.
Above this level the strength drops and it is probable that at this point a weakly bonded 
layer of fibre is being removed from the surface. Drzal has discussed the possibility of 
the removal of a weakly bonded layer (1982) and recently Wright has reviewed many 
aspects of interfacial adhesion (1990) and concludes that the idea of a layer being 
removed by the treatment of the fibres is the most plausible reason for the 
improvement in adhesion.
It has been shown (Marshall and Price, 1991 and Klinklin and Guigon, 1991) that the
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surface of the untreated fibres consists of oriented basal planes but after treatment and 
presumably after the removal of these outer surface layers, the surface consists of 
edges of layers oriented at right angle to the surface. Immediately after removal of the 
outer layers, these edges may be quite sharp and act as crack initiators.
By level XA25 the removal process is complete and supposedly the sharp edges have 
been smoothed to a certain extent and the surface is relatively flaw free. This 
treatment level has been described as the optimum adhesion level for these fibres and 
this is further discussed in Chapter 4. By XA50 the protrusions may have been eaten 
away completely and slight pitting of the surface commenced, so there is another flaw 
mechanism acting and the fibres become slightly weaker and express bimodal behaviour 
once more. At levels above this the pits become deeper and the surface roughness will 
increase (as noted at 4X standard treatment by Robinson et al (1985, 1986a). The 
strength does not drop significantly and it is possible that another layer is removed at 
a slower rate than before. The layer may have been completely removed by XA400 
which shows higher strength levels and a unimodal behaviour once more.
A rise in strength and Weibull modulus followed by a fall, with increasing treatment has 
been identified before by Bader and Charalambides (1991b, Charalambides, 1991) in 
their work on IM fibres.
2.3.6 Conclusions
It has been shown that XA fibres possess a typical strength/length and 
strength/diameter dependency characteristic of a Poisson distribution of flaws. This 
distribution can be modelled to a certain extent by a Weibull function. However, a 
unimodal model is only observed for all gauge lengths at XA5, XA25 and XA400 
suggesting that these fibres have one less flaw type. The peak average and 
characteristic stresses are found at levels XA5 and XA25. Weibull moduli are also high 
at these treatment levels. Finally, a model has been proposed whereby a weak layer is 
removed at about level XA10 leaving a defect free surface at XA25, with smoothed 
protruding edges.
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Treatment level Mean Strength (GPa)
(Cm"2) Gauge 75mm Gauge 30mm Gauge 12mm
0 3.29 4.20 . 4.51
1 3.24 4.13 4.35
3 3.60 3.79 4.42
5 4.02 4.38 4.57
10 3.55 3.65 4.64
15 2.97 3.70 3.89
25 3.39 4.02 4.68
50 3.17 4.07 4.21
75 3.17 3.60 4.30
100 3.24 3.48 4.35
400 3.16 3.49 4.10
Table 1. Mean strength of single fibres at different gauge lengths after increasing 
levels of surface treatment
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Level
(Cra"2)
No. results No.
tested
Mean Strength 
(GPa)
Coefficient 
of variation 
(%)
Gauge
(mm)
75 30 12 75 30 12 75 30 12
0 9 9 4 10 3.5 4.1 4.3 17 18 20
0 15 16 7 18 3.3 4.2 4.8 36 18 23
0 17 20 13 20 3.1 4.2 4.4 41 38 45
1 13 16 17 20 3.0 3.7 3.8 28 28 28
1 18 18 12 20 3.5 4.6 4.9 26 32 34
3 17 17 13 20 3.6 3.8 4.4 23 31 25
5 10 8 7 10 4.2 4.8 5.1 17 17 21
5 12 14 10 18 3.9 4.0 4.0 24 32 33
10 19 [ 20 15 20 3.1 3.4 4.3 27 29 20
10 18 18 16 20 4.0 3.9 5.0 40 35 32
15 18 13 9 20 2.0 3.7 4.1 51 26 23
15 12 13 10 16 3.0 3.7 3.7 19 24 33
25 9 9 4 10 3.2 3.9 4.6 31 25 14
25 15 16 8 18 3.3 4.1 4.5 33 20 19
25 18 19 13 20 3.7 4.1 5.0 32 34 29
50 6 9 7 10 2.7 3.8 4.0 19 26 19
50 12 13 10 13 3.3 5.0 4.5 19 29 31
50 17 18 18 20 3.5 3.4 4.2 28 32 14
75 10 9 8 10 3.0 3.6 3.8 33 25 16
75 17 18 10 20 3.4 3.6 3.8 21 26 33
100 8 9 10 10 3.3 3.7 4.6 25 17 20
100 6 7 5 10 3.1 3.1 4.2 ■29 32 33
100 15 16 15 20 3.3 3.8 4.7 23 26 29
100 5 8 5 10 3.2 3.4 3.9 31 22 25
400 14 13 12 20 3.1 3.5 3.8 30 34 39
400 16 17 14 20 3.2 3.5 4.4 43 34 16
Table 2. Mean fibre strengths for separate test batches
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Level
(Cm'2)
Weibull moduli Average Characteristic 
Strength (GPa)
Gauge
(mm)
75 30 12 75 30 12
0 3.5 4.4 3.4 3.8 3.6 4.6 5.0
1 4.3 3.7 3.6 3.9 3.6 4.6 4.7
3 4.7 3.9 4.8 3.8 3.9 4.2 4.7
5 5.2 3.7 3.4 4.1 4.3 4.7 5.0
10 3.7 3.7 4.3 3.9 3.8 4.0 5.1
15 4.1 4.8 3.7 4.2 3.3 4.0 4.3
25 3.8 3.9 4.8 4.2 3.8 4.5 5.2
50 4.7 3.7 3.5 4.0 3.6 4.5 4.7
75 3.8 4.7 4.1 4.2 3.6 3.9 4.7
100 4.7 4.5 4.6 4.6 3.6 3.9 4.9
400 2.9 2.9 3.6 3.1 3.8 4.1 4.8
Table 3. Weibull parameters using the estimator (j-0.5)/n
Level
(Cm'2)
Weibull
moduli
75mm
Weibull
moduli
30mm
Weibull
moduli
12mm
Stress at 
slope change 
(GPa)
Slope 1 2 1 2 1 2 75 30 12
0 2.7 11.8 3.4 8.8 2.4 10.0 2.2 2.9 3.1
1 2.3 7.8 2.8 8.0 3.1 8.0 2.7 2.9 3.1
3 4.0 7.1 2.2 6.6 2.4 5.7 3.6 3.6 4.5
5 5.2 3.7 3.4
10 1.5 6.0 2.2 5.8 3.1 5.7 3.6 3.6 4.6
15 3.8 5.0 3.8 4.3 2.5 4.0 2.3 3.6 3.6
25 3.8 4.1 4.1
50 5.5 18.0 2.3 5.5 2.5 25.0 2.4 2.7 2.7
75 3.8 12.0 3.7 11.0 2.7 10.0 3.1 3.1 4.8
100 4.8 7.5 3.6 7.8 4.0 6.25 2.9 2.9 3.6
400 2.9 2.9 3.6
Table 4. Bilinear plots - Weibull moduli and strength at slope change
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Level
(Cm-2)
Weibull moduli Average Characteri stic 
Strength (GPa)
Gauge
(ram)
75 30 12 75 30 12
0 3.2 4.1 3.1 3.5 3.6 4.6 5.0
1 3.9 3.4 3.3 3.5 3.6 4.6 4.7
3 4.1 3.4 2.3 3.3 4.0 4.2 4.7
5 4.6 3.3 2.9 3.6 4.4 4.7 5.1
10 3.4 3.4 3.9 3.6 3.8 4.1 5.1
15 3.7 4.3 3.2 3.7 3.3 4.1 4.3
25 3.5 3.6 4.3 3.8 3.8 4.5 5.2
50 4.3 3.4 3.2 3.6 3.6 4.5 4.7
75 3.4 4.3 3.6 3.7 3.6 4.0 4.7
100 4.3 4.1 4.2 4.2 3.6 3.9 4.9
400 2.6 2.6 3.2 2.8 3.9 4.1 4.8
Table 5. Weibull parameters using the estimator j/(n+l)
Level (Cm~2) Weibull moduli Weibull moduli
Average Characteristic
0 5.9 5.6
1 5.8 6.9
3 9.1 11.1
5 13.1 12.5
10 7.4 6.3
15 6.9 7.0
25 5.6 5.9
50 6.7 6.9
75 6.2 6.9
100 5.7 6.0
400 5.7 7.9
Table 6. Weibull moduli generated from ln(strength)/ln(length) plots
34.4
Cm'2
0 10 25 50 100
Lin
reg.
W w CTC w w w a c
75mm 3.7 3.3 4.4 3.7 5 3.6 6.7 3.5 4.3 3.5
30ram 5.6 4.3 3.6 4. 5.7 4.5 4.6 5.4 5.2 4
12mm 4.8 5.2 5 4.8 5.7 4.8 4 4.9 4.7 5.2
Max.
Like
w CTC w w oc w w ° c
75mm 3.4 3.3 4.6 3.7 4.8 3.6 5.9 3.5 4 3.5
30mm 5.2 4.3 3.2 4 5.7 4.5 4.6 5.4 5.6 4.1
12mm 5 5.2 5.5 4.7 6.6 4.8 4.5 4.9 5.9 5.1
lnln
plot
w 4.3 4.6 5.4 4.5 5
(GPa)
9 8.9 8 9.8 8.3
Table 7. Analysis of single fibre data (Wolstenholme, 1990)
Level (Cm-2) Mean diameter (pm) Standard deviation (pm)
0
o00VO 0.89
1 6.78 0.64
3 6.78 0.76
5 6.85 0.86
10 6.85 0.69
15 7.00 0.70
25 6.90 0.56
50 6.76 0.53
75 6.96 0.86
100 7.07 0.73
400 7.04 0.91
Table 8. Mean diameters of untreated and surface treated fibres
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for XA fibre (Robinson et al 1986a)
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2.4 PHYSICAL ASPECTS OF ADHESION
2.4.1 A survey of the literature
The physicochemical interactions between epoxy resin and fibres depends on the surface 
atoms of the constituents and their potential to form low energy bonds. A measure of 
surface energy not only generates information on the physical aspects of adhesion but 
also on mechanical and chemical contributions. These will be dependent on the area of 
contact between the fibre and matrix and this is optimised when the matrix has as low 
a contact angle as possible, the ultimate being a spreading condition with zero contact 
angle. In practice, where a spreading situation is anticipated, finite wetting angles are 
often obtained.
To fully understand this situation it is necessary to investigate the work of adhesion 
function introduced in Section 2.1.4. Girifalco and Good (1957) made use of an analogy 
with the Berthelot relation developed for the attractive constants between like and 
unlike molecules
————  = 1 ..........................2 . 4 . 1
\Z^ aaAbJb
This expression was made equal to a parameter <j> and therefore the interfacial free 
energy between solid and liquid will be
Y si = Ys+Y i_2<|y (YsY j)........................... 2 . 4 . 2
Fowkes (1968) introduced the concept of additivity of intermolecular interactions on 
surfaces and subdivided the surface energy term into seven components. The most 
common are grouped as polar and dispersive, yP and yd. Combining Eqn.2.4.2 with the 
Dupre equation 2.1.2, the work of adhesion then becomes
= 2^/7!y! V y! y! ) .........................2 . 4 . 3
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The bonding efficiency parameter, <J), will vary between 0 and 1 depending on the 
compatibility of the polar and dispersive components for each phase. In fact, <j> = 1 when 
the fractional molecular force contributions to surface tension are in equal proportions 
of yd and yP in both liquid and solid. It is important, therefore, to find a situation 
where similar proportions of polar and dispersion components act across the interface.
There has been much debate about the exact form (geometric or harmonic-mean) of 
Eqn.2.4.3 and consideration of the non dispersive component of the surface energy. Wu 
(1982) discusses the possibility that in fact the polar component above consists of dipole, 
induction and hydrogen-bonding interactions. Only those components with a counterpart 
across the interface will be included in any particular adhesion situation. Fowkes (1987) 
is of the opinion that it is a common error to use the term polar for the above classes 
as hydrogen bonds in particular are exothermic acid-base interactions which have 
nothing to do with dipoles. He chooses to consider a separate contribution to the surface
_i*
energy, y , for acid-base. He went on to propose that the work of adhesion was 
directly proportional to the acidic or basic strength of the interacting sites and not to 
their square root. Drago and Wayland (1965) have defined the enthalpy of acid-base 
interactions in terms of two parameters, E and C, related to electrostatic and covalent 
characters of interaction respectively.
-A = ESE1+CSC1............2.4.4
Fowkes proposed that
WA = f N { - A H «*)............2.4.5
where N is the number of moles of acidic or basic group per unit area and f is a 
correction factor to convert enthalpy values to free energy values which he took at the 
time to be 1, although this is in fact not so. This parameter is difficult to measure 
experimentally so has not been widely adopted.
Schultz (1988) discusses the fact that non-dispersive interactions, usually referred to as 
polar reactions, should in fact be considered as Lewis acid-base or electron acceptor- 
donor interactions. He goes on to determine a specific interaction parameter to describe
36
the acid-base interaction between a fibre and matrix.
The situation is further complicated by additional effects of surface roughness and 
kinetics of the wetting process. Wenzel (1949) provided the important relation that 
describes the effect of surface roughness r:
C O S 0 r
r =  £ ............2.4.6
C O S 0
= true surface area 
apparent planar area
The Wenzel equation states that surface roughness, as defined in terms of true and 
apparent planar surface areas, is directly related to the cosine of the contact angle, 0r, 
for the rough surface and 0 for the ideally smooth surface. The surface energy is thus 
altered due to the structure of the surface. Surface roughness produces contact angle 
hysteresis between advancing and receding angles (Andrade, 1985).
The kinetics involve the physical process of wet out during manufacture of a composite. 
At this stage the viscosity of the resin may have a fundamental effect. When the 
viscous resin is forced into contact with the fibre the situation which may be spreading 
under equilibrium may transfer to one of a high wetting angle. Air may then become 
entrapped at the surface.
There are four conventional methods of measuring the energetics of the interface; 
infrared spectroscopy, inverse gas phase chromatography (IGC), wetting and 
calorimetry. Infrared spectroscopy can be used to assess the energetics of reversible 
reactions as well as the formation of new interfacial bonds. This method has not been 
applied to carbon fibres, however. IGC measures surface characteristics by injection of 
probes of known properties into a column containing the solid to be studied. The 
retention times of the probes measured at infinite dilution allows determination of the 
interactions between the probes and the solid in the absence of interactions between the 
probe molecules themselves (Grenier-Loustalot, 1989, Schultz, 1988). Schultz
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demonstrated with his specific interaction parameter, that there was an increase in this 
value with oxidation and with a size.
To measure the wetting properties of a fibre, contact angle measurements of the fibre 
are made in a series of liquids of known surface energy using a Wilhelmy plate type 
method (Kaelble et al, 1974b). A microbalance records force measurements on 
immersion of carbon fibre single filaments in the liquids. Analysis of the force 
measurements enables computation of the contact angle of a given liquid against the 
fibre. The contact angle data is used to compute a work of adhesion function which is 
plotted as ordinate versus the polar/dispersion ratio of the test liquid as abscissa. This 
graphical analysis enables the calculation of the polar and dispersive components of the 
solid surface free energy from the slope and intercept of the plot. The method was used 
by Robinson et al (1986a,b, Robinson, 1985) for characterisation of their XA carbon 
fibres and the results showed an increase in the polar component of surface energy up 
to standard treatment level, followed by a plateau (see Fig.l). This is thought to be 
associated with the increasing amounts of oxygen fixed at the edge of graphitic basal 
planes up to saturation. The small reduction in dispersion component was explained by 
the masking of some of the basal plane area by the edge chemistry. Hammer and Drzal 
(1980) using the same technique concluded that the fibre surface treatment increases 
surface polarity and that additionally these surface groups retain their polar character 
after exposure to environment. The results of several workers have been summarised 
by Wright (1990) and these have been reproduced in Table 1.
A method adopted by Schultz et al (1981) follows the same principle but with a two 
phase liquid system. The fibre in this case is immersed in two immiscible liquids to 
overcome the effect of volatiles and contaminants adsorbed onto the surface. The first 
liquid is intended to remove the effects of these, enabling an absolute energy to be 
measured. There is some dispute as to whether or nor there are extraneous effects at 
the interface of the two liquids.
Further uses of the technique including direct measurement of the fibre in resin were 
demonstrated by Fitzer et al (1980) who concluded that highly heat treated fibres
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needed a longer nitric acid treatment time before they reached good wetting. Robinson 
et al (1987,1989) also measured the direct wetting of resin on the fibre and discuss their 
results in terms of needing a balance of polar /dispersive forces across the fibre/matrix 
interface as proposed by Kaelble et al (1974a). They also found evidence to suggest that 
there is a change in wetting behaviour as the resin cure proceeds.
A new approach was developed by Carroll (1976) involving measuring the shape of a 
liquid drop attached to a monofilament. The relation between the dimensions of the drop 
and the contact angle were theoretically obtained in order to calculate the angle. 
Wagner (1990a) then went on to improve the technique and Gilbert et al (1990) used the 
method to detect changes in surface energy values due to oxidative treatments.
The final method of studying surface energies is by calorimetry (Hoffmann et al, 
1985a,b). In this technique the heat of preferential adsorption, Qa, of a probe molecule 
from a solution onto a surface is related to the work of adhesion. Calorimetry 
measurements tend to be more precise at low surface coverage and IGC at high surface 
coverage. Flow microcalorimetry offers the possibility of investigating the reversibility 
of adsorption and competition between adsorbate species for the surface sites. Rand and 
Robinson (1977a) and Farinato et al (1990) explored the technique for its potential with 
carbon. Farinato concluded that the ranking of surface energies using flow 
microcalorimetry was the same as using IGC.
An interesting approach to the relationship between surface free energy, surface 
chemical composition and adhesive joint strength has been developed by Kinloch, 
Kodokian and Watts (1991). A new parameter termed 'the weighted percentage dipole 
moment (WDM)' is obtained from the percentage values of a chemical group present, 
measured by XPS, multiplied by its dipole moment, all species summed and normalised. 
It was found that the levels of surface polarity needed to attain high values of adhesive 
fracture energy could be qualitatively defined. Andrews and King (1978) have defined 
an activation energy for interatomic bond fracture including the effect of primary bonds 
in order to establish a relationship between the strength of adhesive joints and the 
energetics of failure.
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2.4.2 Experimental investigation of the physical aspects of adhesion
2.4.2.1 Measurement of surface energy components
The Wilhelmy plate type technique (Kaelble et al, 1974b) used by Robinson et al 
(1986a,b) was selected to determine the surface energy of selected fibres after different 
levels of treatment.
The method is based on the measurement of a force increase on immersion of the fibres 
in a series of liquids of known surface energy. Hexane is used as one of the liquids as 
it completely spreads the surface and therefore the contact angle is already known. In 
this experiment only one other liquid was used, pure water, with a high and therefore 
contrasting surface tension compared with hexane.
The decision to use only two liquids was made after studying a fibre which had been 
previously tested using six liquids. Firstly, the results from tests using similar fibres 
with the six liquids, ethanol, ethylene glycol, formamide, bromonaphthalene, hexane and 
water were used to calculate values of the polar and dispersive components of surface 
energy. Then the same results from only two of the liquids, water and hexane were used 
to make a second calculation of the components of surface energy. On comparing the 
two sets of values there was found to be a slight difference in actual values but the 
trend established from one fibre type to another was the same for the polar component 
and the dispersion component remained unchanged (it altered slightly with six liquids).
The purity of the water (deionised in the laboratory) had to be established before it 
could reliably be used and values frequently taken from the literature for the 
components of dispersion and polarity. This was carried out by just immersing a cleaned 
plate of platinum in the hexane and measuring the force increase and then repeating 
this for the water to be investigated. The contact force F between a fibre of 
circumference, C and a liquid of surface tension, ylv is described by the following 
relation (Kaelble et al ,1974b):
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vrCcos0
F  = — ............. . 2 . 4 . 7
In fact there should also be a buoyancy correction acting against gravity but in the case 
of small diameter, cylindrical objects such as the fibre, it is considered negligible 
(Schultz et al, 1981). The plate is also thin enough to neglect this correction.
In the above expression, the value of C can be determined from the measurement of 
force F on immersion of the plate in hexane as the contact angle is known to be 0°and 
the surface tension for pure hexane is found in the literature. From this value of C, a 
measure of yjvcos0 for water on platinum can be ascertained and compared with values 
for pure water. If it was within 1% then it was considered pure enough and experiments 
continued as if it were 100% pure.
A single fibre, carefully cut and handled to avoid damage or contamination was attached 
to a small wire hook with cyanocrylate adhesive. This was then suspended by a fine glass 
hook attached to a microbalance with a sensitivity of + 1 pg. A container of the liquid 
to be used for the contact angle measurements was slowly raised to the fibre tip. At 
contact the microbalance detected a change in force due to the wetting of the fibre by 
the liquid. The liquid was raised an additional 2.5mm to avoid end effects. A force 
measurement was made after allowing for the system to stabilize which took much 
longer for the water than the hexane. Often a mean value had to be taken if full 
stabilisation appeared not to take place. The liquid was then raised a further 5mm for 
an independent measurement of the force. The dial used to raise and lower the liquid 
was marked so that the same fibre was measured at exactly the same position with first 
the hexane and then the water. This meant that the fibre circumference could be 
established from the hexane results and then the force assessment is used to calculate 
a value of cos0, knowing Yiv*
This was repeated twelve times for each fibre type, XAU, XA10, XA25 and XA100. The 
results were then analysed by the graphical method adopted by Kaelble.
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2.4.2.2 Kaelble method
Equating Fowkes' equation (Eqn.2.4.3) to the Dupre equation (Eqn.2.1.2)
Yj+Ys"Ysj = 2 (YspY jp) 1 .............................2 . 4 . 8
therefore:
Ysi = Ys+Y j-2  <v,Ys<,Y jd) "2 (\/YsPY iP) ........................... 2 . 4 . 9
and on combination with the Young's equation (Eqn.2.1.1) gives
y2 (1+COS0) = 2 ( /y sdY id) +2 (^YspY id) ........................... 2 . 4 . 1 0
and therefore:
■ / < 7 7 i - . # g  » /< 7 7 > ......................... 2 .4 .11
7T V(Yid)
which may be plotted as a straight line Yi(1+cos0)/2 (Yid)^  against (y i^ A y i^  giving 
a slope of (y s^ )  ^ and intercept (Ysd^* Although there are only two points with which to 
construct this graph, each of these points is the average of twenty four results.
2.4.2.3 Results
An example plot for XA25 is shown in Fig.2. Values of the different components of 
surface energy for the fibres are shown in Table 2. The lower values are those 
calculated for the results at 2.5mm only and the high values at 5mm. The final figures 
have been produced from all the data. The reason that the values measured at 2.5mm 
are lower than those at 5mm may be attributed to the fact that whilst taking the 
reading for the first level water will have condensed on the surface of the fibre. In this 
way the second reading is measuring the wetting of water onto saturated vapour of 
water on the surface of the fibre.
It should be noted from Table 1 that the dispersive component does not vary with 
surface treatment and the polar content increases from untreated to XA100 and appears 
not to be levelling off by this point. This can be more easily observed in Fig.3 where the 
total surface energy is shown plotted against surface treatment level for the low, total
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and high data. It is continuing to increase at XA100.
2.4.2.4 Discussion
Results published on XA fibre in the past (Robinson, 1985, Robinson et al, 1986a,b) have 
indicated that the polar component increases with treatment level and that the 
dispersive component decreases, both levelling off by four times the optimum or 
standard treatment which would correspond to XA100. As the present fibres are 
behaving differently some explanations are required.
_2
These results indicate that the polar component is continuing to rise up to lOOCm 
without beginning to level. After consultation with the suppliers of the fibres it was 
discovered that the run to produce the present batch of XA fibres was subtly different 
to other XA fibres and so to confirm the existence of the behaviour of the present 
fibres they were compared with unpublished data of known similar processing route. The 
same trend was apparent, i.e. that of a continual increase in values and no levelling at 
100% treatment. Drzal et al (1979) also observed this for HM fibres. This suggests that 
in fact the oxygen is continually being deposited at new sites.
As mentioned previously, it has been proposed that the strength of a physical bond and 
hence wettability, depends on the balance of forces across the interface. In other words, 
the fibre and resin should have approximately the same number of the different 
components acting at the surface. Standard wettability arguments would suggest that 
the resin surface energy should be lower than the fibre for wetting to occur. If the polar 
component of the resin is thus similar or lower than the fibre a full wetting condition 
should be achieved. Typical resin polar components are of the order of 10 - 20mJ/m 
and so even the untreated fibre polarity is sufficient.
2.4.2.5 Conclusions
It would appear in conclusion that the surface energy is not an important contributing 
factor to the adhesion of the fibre to the resin. This is demonstrated by the continual 
increase in the surface energy past the optimum adhesion level with no apparent 
correlation and the fact that the polar component is well above that of the resin.
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1Fibre designation
Polar component 
P
Y
(mJ/rn^)
Dispersive component 
D
Y
2
(mJ/m )
AU (as received) 23.6 ± 2.6 27.4 ± 0.3
AS (as received) 30.0 ±1.7 26.4 ± 0.1
AU (after 300°C vac. treatment) 24.1 ± 1.4 26.3 ± 1.1
AS (after 300°C vac., treatment) 26.8 ± 1.4 26.0 ± 1.2
AU— 1 24.0 25.3
AS-1 35.2 33.4
AU 2.5 43
AS 15.5 35
AS (coated) 5.5 38
AU-4 18.2 28.1
AS-4 22.0 29.4
AU-4 (NaOH anodised) 21.0 28.8
AU-4 (H-SO, anodised) 22.4 33.7
AU-4 (HN03 boiled) 18.1 29.6
T300 (untreated) 9.5 32.9
T300 (treated) 11.1 35.8
Untreated 7 ± 3 50 ± 8
Oxidised 15 ± 4 48 ± 10
Oxidised and sized 13 ± 3 34 ± 6
Table 1. Surface energy components of single fibres (Wright, 1990)
Treatment
(C/m2)
Surface
Energy
component
(mJm"2)
2. 5mm 5mm Total
0 Polar 26.6 +. 0.6 33.8 ±  0.7 30.1 ±  0.8
Dispersive 18.5 ±  0.5 18.5 ±  0.5 18.5 +. 0.7
Total 45.0 ±  1.1 52.3 ±  1.2 48.6 ±  1.6
10 Polar 30.3 ±  0.7 40.9 ±  0.8 35.4 ±  1.1
Dispersive 18.5 ±  0.6 18.5 +. 0.6 18.5 ±  0.9
Total 48.8 +. 1.0 59.4 +. 1.5 53.9 ±  1.4
25 Polar 36.6 ±  0.6 42.4 ±  0.7 39.4 +. 1.4
Dispersive 18.5 +. 0.5 18.5 ±  0.5 18.5 +. 0.6
Total 55.0 ±  1.1 60.9 +. 1.2 57.9 ±  1.4
100 Polar 46.9 ±  0.7 48.1 ±  0.6 47.5 ±  0.6
Dispersive 18.5 ±  0.5 18.5 ±  0.4 18.5 +. 0.4
Total 65.3 ±  1.0 66.6 +_ 1.0 66.0 ±  1.0
Table 2. Components of surface energy of untreated and treated carbon fibres
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2.5 PREVIOUS STUDIES ON THE CHEMICAL CONTRIBUTION
TO ADHESION
2.5.1 Introduction
Several techniques have been employed for many years in order to study the surface 
chemistry of carbon fibres, chemical titration, spectroscopic (XPS, AES ,SIMS, EDX 
(considered to be bulk due to the depth of analysis), infrared spectroscopy) and thermal 
desorption methods. A wide variety of oxygen-containing species are considered to be 
present on the surface, including carboxyls, carbonyls, phenolic hydroxides and some 
more complex structures such as lactones (Donnet, 1968). Acidic groups may react with 
epoxides and amines to yield ester and amide links and non acidic hydroxyl, quinone and 
carbonyl groups may react with epoxides to yield ether or amines to form imines.
Work published using some of the above techniques will now be presented with regard 
to surface chemistry of the fibre surface and its potential for bonding to the resin. 
Where the techniques have been applied to the study of fractography at the interface 
which indicates the strength of the bond by the location of the failure path, either 
adhesive or cohesive, these results will be presented also. A separate section on 
fractography carried out in the present work is to be found in Chapter 4.
2.5.2 Chemical titration
Some of the earliest work on the chemistry of the fibre surface was carried out by
conventional titration methods. Dauksys (1973) used an iodimetric method of analysis
to determine the amount of carbonyl present on his treated fibre surfaces. Analysis 
methods employed by Fitzer et al (1980), Bahl et al (1984), Donnet and Ehrburger (1977), 
Donnet (1982) and Ehrburger et al (1978) using NaOH titration gave an indication as to 
how much acidity was present and Bahl et al demonstrated that this increased with air 
oxidation time in dry oxidation, and concentration of acid in wet oxidation.
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2.5.3 Surface Analytical Techniques
2.5.3.1 Introduction
The state of the art in 1988 in the application of analytical techniques to surfaces is 
shown in Fig.l, taken from a review by Castle and Watts (1988) on the study of 
interfaces using surface analytical techniques. The three techniques, X-ray 
photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and Secondary Ion 
Mass spectroscopy (SIMS) are complementary, giving different information. The two 
most important techniques used in the area of chemical analysis of composite interfaces 
to date, are XPS and SIMS. AES has also been investigated for its potential but has not 
yet proved very useful. The review compares and contrasts the methods available in 
1988 to study the interface in composite materials. Some of the techniques and 
applications mentioned will be expanded and updated here with special attention given 
to carbon /  epoxy composites.
2.5.3.2 An overview of X-ray photoelectron spectroscopy (XPS).
The principle of XPS lies in the emission of photoelectrons from the core orbitals of 
atoms in the surface layers of the sample after irradiation by X-rays (see Fig. 2) 
Emitted photoelectron energy is then analysed by the electron spectrometer and the 
data generated is plotted as a graph of intensity (counts per second) against electron 
energy. The photoelectron spectrum consists of three parts; the photoelectron peaks 
created by direct excitation of electrons from core orbitals, the energy loss background 
structure and Auger electron peaks, created by the filling of the core holes resulting 
from photoelectron ejection. The photoelectron peaks are sharper than are the Auger 
peaks and hence are of much more value in the identification of chemical state.
Elements are recognised by the characteristic binding energy (Eg) of an electron 
associated with a given orbital in the excited atom
EB=hv - E k-W .................................2 . 5 . 1
where hv is the photon energy, Ek is the kinetic energy of the electron and W is the 
spectrometer work function. The binding energy is calculated from the experimentally
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determined kinetic energy by the control electronics.
Chemical state information arises from a shift on the photoelectron peak position. The 
shift arises from a differing initial (the Madelung potential) and final state of electrons. 
This latter involves intraatomic and extraatomic relaxations arising from the change in 
screening potential of the other electrons in the solid. Any quantitative information 
derived from a shift requires accurate reference to a standard peak position. The 
standard used in the present work is that of the Cls (285ev) peak and is used to 
calibrate the energy scale of the spectrometer with respect to that of the Fermi level 
of the instrument. This latter is necessary in order to take into account the work 
function of the instrument , W in Eqn. 2.5.1. When dealing with conducting materials 
e.g. carbon fibres, the peak positions may be read directly. Charging of insulating 
samples causes an additional shift which creates problems of interpretation in 
quantitative work.
The intensity or peak area of a given element depends on the concentration of the 
species but also the intensity of the incident photon beam, the angle of incidence of the 
beam, the cross-section for photoelectron emission, the inelastic mean free path of the 
escaping electron, the probability of the electron being collected, the depth at which 
the electron is generated below the surface, the take-off angle and the solid angle 
subtended by the analyser at the sample.
Sensitivity factors are required to adjust the peak area measured for the sensitivity of 
particular elements to XPS. They are applicable to a given instrument type and 
excitation source. The peak area is normalised from the measured peak area, PA, by
NPA = ------ — ........  2 . 5 . 2
where SF is the sensitivity factor. The surface element composition is determined by 
setting the binding energy at the limits of the peak, which is normalised as above. The
46
intensity is then considered as a proportion of the total normalised intensity.
In some cases where the element is not distributed in depth through the solid but may 
be in a thin surface layer, Wagner (1983) has suggested that the 'normal1 relative 
sensitivity factor should be divided by the value for k, the inelastic mean free path, to 
give a surface sensitivity factor. In this particular study it was not necessary to do this, 
however, sensitivity factors in the computer data system needed to be updated with 
calibrated values from analyses of pure crystals of known chemical compounds.
2.5.3.3 Angle resolved XPS
It was mentioned above that the intensity of signal would vary as a function of the take­
off angle, 0. The emission depth of the electrons contributing to the peaks depends on 
their kinetic energy and various relationships have been proposed which relate the 
inelastic mean free path, or the characteristic length of the exponential attenuation of 
the electrons, to electron energy. Seah and Dench (1979) have produced a relation where
ft ^k  varies with E . The intensity of electrons, I, emitted from a depth, d, is given by the 
Beer-Lambert relationship
X=J0exp (— ■■ ? )............ 2.5.3
u Asin0
where Iq is the intensity from an infinitely thick clean substrate, 0 is the electron take­
off angle relative to the sample surface. It can be shown that by considering electrons 
that emerge at 90° to the sample surface, 65% of the signal arises from a depth of k, 
85% from 2k and 95% from 3k. Fig.3 shows the variation in sampling depth with take 
off angle and the effect of angle on the intensity of signal from surface layers.
2.5.3.4 Application to carbon fibres
Many workers (Hopfgarton, 1979, Brewis et al, 1979, Waltersson, 1982, Ishitani, 1981) 
have measured the elemental composition of carbon fibres particularly with regard to 
the oxygen content varying with surface treatment. Wright (1990) has collected together 
the results of several laboratories and these are displayed in Table 1.
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Data on oxygen content of XA carbon fibre surfaces measured by Robinson et al 
(1986a,b, Robinson, 1985) was in agreement with oxygen chemisorption data as discussed 
in Section 2.2 (see Fig.4). Both show a maximum in the surface oxygen content at levels 
2 - 3x standard electrolytic surface treatment. Robinson et al propose that at these 
levels a layer of amorphous graphite, which is more easily oxidised, is removed leaving 
a less easily oxidised layer below. In contrast to this their surface energy data indicated 
a sharp rise in the polar content up to level 1 where it reaches a plateau value. This was 
explained by suggesting that if beyond standard treatment, further oxygen is principally 
fixed, not at new sites but in the locality of existing sites then the macroscopic contact 
angle will remain constant. Recently, Alexander and Jones (1991) have shown that the 
content of oxygen measured by XPS continues to increase but that determined by SIMS 
levels off in the same way as the polar component of surface energy. This is thought to 
be because XPS is measuring the surface and subsurface and SIMS merely the surface.
It  was apparent from the early days of XPS that the increased oxidation on the surface 
of treated fibres compared to untreated ones was demonstrated by a chemical shift of 
the carbon Is peak. In order to investigate surface functional groups, two main 
approaches have been taken:
a. Peak fitting by computer to analyse the proportions of carbon-oxygen 
groups present (Kozlowski et al, 1986, Harvey et al, 1987, Youxian et al, 
1987, Procter and Sherwood, 1982a).
b. Labelling of functional groups by a reagent easily detectable by XPS 
(Denison et al, 1985, 1986, 1987, Devilbiss and Wightman, 1986, Takahagi 
and Ishitani, 1988, Davis, 1988).
The main problem with the former technique is the low level of oxidation found on most 
commercially treated fibres so analyses must be repeated many times to ensure a high 
degree of confidence. However four oxide types may be identified on industrially 
treated fibres; carbonyls, 0-C=0 and C=0, carboxyls, O-COO and hydroxyl groups, C -0  
although highly oxidised laboratory treated fibres only have three types (Proctor and 
Sherwood, 1982b, Kozlowski and Sherwood, 1984). An example of a fitted carbon peak 
is given in Fig. 5. Recently Jones (1989) has employed angle resolved XPS in an attempt
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to produce more clearly defined spectra but there are many problems associated with 
this technique.
The second technique of labelling or derivitisation avoids the problems associated with 
the low oxidation of commercial fibres and the corresponding interpretation of the Cls 
spectra. It  has been employed successfully by Denison et al who used barium ions to tag 
specific surface sites on the fibre. Tows of fibres were immersed in a boiling saturated 
solution of barium chloride and after rinsing and drying, the uptake of barium ions was 
monitored by XPS (Denison et al, 1985, 1986, 1987). Denison et al believe the labelled 
sites to be (COOH^ or (COOH-OH) groups. A divalent ion can only label two acidic 
sites which are close together. Therefore it was found necessary to carry out a 
statistical analysis of the surface concentration of acidic groups. The results showed 
that surface treated high strength fibres have considerably more surface acidity present 
than high modulus fibres.
Alexander et al (1991) have labelled OH groups with TFAA and deduced that the 
fraction of OH of the total oxygen content decreases with the degree of fibre treatment 
which corresponds to an increase in COOH content.
To avoid the harsh conditions (which may affect the surface condition of the fibres) 
required for barium labelling, the derivitisation technique has also been studied with 
silver as the tag, by Ghosh and Castle (1988), Wolfcarius (1989) and Cazeneuve et al 
(1989,1990). Denison et al (1985) proposed that silver was not successful as it would 
rinse off in the post labelling rinse since it was only held by single bonds. Ethanol or 
methanol was therefore used to rinse the samples in later work. Some interesting ideas 
regarding angle resolved XPS to discover the location of the silver tags on the surface 
carried out by Wolcarius were not usefully exploited although he concludes that 
Denison’s model of microporous structure could explain some of the results generated.
Further investigation was made by Denison et al (1988b) into the sites of the functional 
groups. They proposed that the possible location of acidic sites is at the edges of 
surface micropores since a molecule of suitable size is more strongly bonded within the
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pore than on the bulk surface. The explanation given is that of Gregg et al (1970), 
whereby adsorption fields from opposite walls overlap to give rise to an enhanced 
adsorption potential within the pore. In order to determine the amount of microporosity 
on the surface they monitored the uptake of a molecule, trichloromethane, which would 
be retained in the pores. Their proposed model for the fibre surface is given in Fig.6.
The direct interaction of resin materials with carbon fibres has been studied by 
Waltersson (1985a,b) using XPS . Fibres were treated by very dilute solutions containing 
appropriate functional groups and the thickness of the resin overlayers remaining on the 
fibre surface were estimated from the spectra recorded. This work suggests that both 
epoxy and amines (hardener) are covalently bonded to oxidised carbon fibre surfaces. 
Denison and Jones (1988d) carried out similar studies and showed that resin was bonded 
to the fibres.
A final application of XPS was developed by Ishitani (1981) and involved depth profiling 
to study chemical heterogeneity in the thin surface layers of the fibres.
2.5.3.5 Small area XPS (SAX) and Imaging XPS (iXPS)
It is possible to use XPS in a small area mode and there are two ways of achieving 
100 pm resolution (SAX) : reduce the area of irradiation on the sample ,or collect 
electrons from a small part of the sample (Watts, 1990). As the resolution for these 
methods is not of the order of a single fibre there has been no particular advantage in 
using this technique apart from on fracture surfaces where it may be possible to 
identify an area of pulled-out fibres as distinct from the matrix. Recent advances 
developed the notion of imaging in XPS (Seah and Smith, 1988) and iXPS is now 
commercially available. There are two methods of achieving a spatial resolution of 
better than 10 pm. The first, the PESM (the photoelectron spectro-microscope) involves 
the use of an extremely powerful superconducting magnet. The photoelectrons follow 
the lines of force to a screen where they diverge due to the magnetic field to 
reconstruct an image of the surface chemistry. The second uses Fourier Transform 
lenses to convert spatial information to a form which can be analysed in a standard way 
and then back again to reconstruct the image at a suitable position sensitive detector.
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This is the basis of the ESCASCOPE VG Scientific instrument described by Coxon (1990) 
and shown in Fig.7.
Only a few instruments have produced results using the iXPS technique and work by 
V.G.Scientific (1989) on both treated and untreated carbon fibres demonstrated the 
potential to image single fibres. They imaged fibres from the fracture surface of carbon 
fibre composites and traced sulphur in the resin binder. It was concluded that the failure 
was at the interface with untreated fibres but as sulphur images of the treated fibres 
could be seen after pull-out, this indicated cohesive failure.
2.5.3.6 An overview of Auger Electron Spectroscopy
Auger electrons are emitted following the creation of a core hole in the electron shells 
(see Fig.8) by some form of energetic radiation, normally an incident electron beam, 
although it may be X rays as in XPS. The power of Auger Spectroscopy lies in its spatial 
resolution. Modern equipment enables a sample to be viewed at SEM resolution, 20nm 
and a spectra taken at 50-100nm. Specific ions can therefore be traced on the surface. 
Recently for example, Cazeneuve et al (1989) has used Scanning Auger Microscopy 
(SAM) to investigate the spatial distribution of silver along the length of a tagged fibre 
and across the interface. Concentration of silver was found to vary along the fibre 
length of the as received fibres. Also, the results showed the possible presence of a thin 
overlayer of resin on the fibres after fracture, indicating a cohesive failure path in the 
resin and a good fibre/matrix bond.
AES has proved useful in areas where high spatial resolution is required at the expense 
of chemical specificity and problems caused by electrostatic charging. XPS, on the 
other hand, is extremely powerful for chemical state identification but has severe 
limitations in spatial resolution.
2.5.3.7 The Auger Parameter
Chemical analyses rely on XPS peak position to be accurate to within + 0.1 eV. There 
are two possible sources of error, firstly, those due to spectrometer calibration 
overcome by use of known standards and secondly, problems of electrostatic charging.
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Conductors which are well mounted do not cause problems but shifts are possible for 
insulators and semiconductors. Often the position of the Cls peak is used as a standard 
but the form and amount of carbon may vary.
One of the best methods for the determination of chemical state is by use of a relative 
shift between the photoelectron and the Auger electron peaks. The shift arises from the 
relaxation of surrounding electrons in the solid.
Wagner et al (1975) first suggested the concept of an Auger parameter (a) as the 
difference between the kinetic energy (E^) of an Auger line (A) and a photoelectron line 
(P)
a =Ek (A) - Ek {P) ...........................  . 2 . 5 . 4
Gaarenstroom and Winograd (1977) introduced the modified Auger parameter (a ) which 
effectively added the photon energy, hv, to the value of the Auger parameter
a* = EB(P) +Ek ( A ) ................................. 2 . 5 . 5
Wagner (1979) created the Wagner plot as a useful means of representing the modified 
Auger parameter. The kinetic energy of the sharpest Auger line is plotted against the 
binding energy of the most intense photoelectron line. A shift from one leading diagonal 
to another represents a change in the Auger parameter and a shift perpendicular to this 
represents differential charging. An example Wagner plot is shown in Fig.9 for 
magnesium.
Ghosh and Castle (1988) calculated the Auger parameters for silver adsorbed onto the 
fibre specimens in their derivitisation experiments and plotted them on a Wagner plot. 
They found a different Auger parameter for silver on untreated compared to treated 
fibre. It was concluded that the silver was indeed chemically bound to the treated fibre 
surface.
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2.5.3.8 Secondary Ion Mass Spectroscopy (SIMS)
The advantages of SIMS include the fact that hydrogen can be seen in the spectrum and 
also that the source of the isotopes present on the surface can be identified. The ion 
beam is focused and the sputtered material analysed by a mass spectrometer. Increased 
sensitivity has been achieved by time of flight mass spectrometers. The three modes 
of operation are static SIMS, dynamic SIMS ( e.g. for depth profiling to investigate 
surface contaminants) and imaging SIMS which could be scanning SIMS or ion microscopy 
where the entire field of view is imaged simultaneously in the chosen ion species. Both 
spatial and chemical resolutions can be very good in scanning SIMS when a beam is 
rastered over the sample and chemical maps to 0.2pm resolution can be formed. 
Denison et al (1988a,c) have used this technique to study fracture surfaces and the way 
they vary with surface treatment. Once again it was established that at low levels of 
treatment, failure occurs at the fibre/resin interface or within the fibre, whilst at the 
higher levels of treatment failure takes place largely within the resin leaving a thin 
overlayer adhering to the fibre.
Some problems have been evident with the use of AES and SIMS in terms of charging 
of the resin in the samples. This has been examined by Kalantar et al (1990) who have 
developed a novel preparation technique which is a modification of that used for 
transmission electron microscopy (TEM).
Recently, Alexander and Jones (1991) have demonstrated the formation of a monolayer 
of resin on the fibre surface by SIMS.
2.5.3.9 Further techniques
Energy dispersive X-ray analysis (EDX) has been employed by Cazeneuve et al (1989) 
to evaluate the spatial distribution of silver labelled groups on carbon fibre in their 
derivitisation study. It consists of a standard SEM with an X-ray detector to analyse 
emitted X-rays after radiation in the electron microscope. EDX is considered a bulk 
method as the analysis volume is much deeper into the specimen but the results 
confirmed those shown by XPS and AES that a thin resin overlayer remained on the 
surface of the fibres after fracture.
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The high sensitivity and extensive data processing of Fourier Transform Infrared 
Spectroscopy (FTIR) has enabled this technique to be applied to carbon fibre analysis. 
Morita et al (1986) have produced reflection absorption spectra showing the carbonyl 
stretching vibration of the aromatic carboxyl group on carbon fibres. They also 
demonstrate the use of FTIR-ATR (attenuated total reflection) which is the method 
adopted by Sellitti et al (1990b) to detect surface functional groups on carbon fibres, 
carboxyl, carbonyl and hydroxyl. Further study showed that these groups enhanced 
cross-linking of the epoxy resin at the interface and that they can promote or inhibit 
the use of a catalyst depending on their concentration.
Thermal desorption mass spectrometry or TDMS is applied to study the removal of 
adsorbed material and the decomposition of surface oxygen complexes. Fagan and 
Kawata (1989) showed two major products, CO and CO2 originated from four and two 
different sites respectively at temperatures of above 1000°C. The CO2 peaks were 
consistent and tended to suggest the presence of lactone and carboxylic groups on the 
surface. Drzal et al (1979) observed that the products differed enormously from treated 
to untreated fibres. Thermal desorption studies on carbon fibres have also been carried 
out by Watt and Meyer (1985).
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2.6 EXPERIMENTAL INVESTIGATION 
OF THE CHEMICAL ASPECTS OF ADHESION
2.6.1 Introduction
For this study several surface analysis techniques have been employed and developed 
to explore the chemical aspects of adhesion. X-ray photoelectron spectroscopy (XPS) 
has been used to characterise the surface of the carbon fibres, as received and after 
increasing levels of treatment. The elemental composition at random intervals along a 
tow of fibres was measured. Samples taken from areas of tow in close proximity were 
compared with these. Further information was sought by Angle resolved XPS to 
investigate the variability in oxygen/ nitrogen content with depth.
In order to study the reactive surface groups on the fibre, a novel adaptation of a 
derivitization technique has been developed involving the construction of adsorption 
isotherms. In this method the uptake of labellant by the fibre from increasing 
concentrations of solution is monitored. From the resultant isotherms it has been 
possible to generate information on the acidity and reactivity of the surface with 
increasing treatment level. Additionally, Auger parameters have been determined for 
the adsorbed labellants to obtain a greater understanding of the nature of the bond 
between the adsorbed molecule and the functional group.
2.6.2 Determination of the elemental composition of the surface
2.6.2.1 Method
Surface composition of the untreated fibre and treated fibres at levels of 
1,3,5,10,15,25,50,100 and 400Cm~^ were investigated by XPS using a V.G.Scientific 
ESCALAB MK11 spectrometer at an operating pressure of 10  ^torr. 5cm lengths were 
selected at random from a tow of fibre and aligned and mounted directly onto holders 
(see Fig. 10). These were transferred into the preparation chamber via a seal and then 
into the analysis chamber. A 45° take off angle was selected and the position of the 
fibres maximised for electron count by focusing the image of the surface of the tow
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using a video camera which had previously been calibrated for optimum sample position. 
A twin anode X-ray source at lOkV potential and 20mA emission current supplied 
Aluminium ka radiation (1486.6ev) to excite the electrons on the surface which were 
detected by a hemispherical analyser. The spectrometer was interfaced to a V.G. 5000 
data system. This acquired the raw data and plotted it in the form of a photoelectron 
spectrum - count rate against binding energy.
XPS requires identification of chemical state by accurate curve separation at any 
energy in the spectral range i.e. requires the same absolute resolution across the 
spectrum. It is normal to retard the photoelectrons to a chosen constant analysing 
energy called the pass energy. For survey scans covering binding energies ranging over 
1300ev which allow for identification of all the elements present on the surface without 
quantification, a pass energy of 50ev was chosen. The pass energy is inversely related 
to the resolution and so for a higher resolution scan over a narrow range, a pass energy 
of 20ev was used. To increase the signal to noise ratio five scans were run at high 
resolution for all the relevant elements that could be present. The step size used for the 
scans was O.lev.
As received fibres were analysed along with selected fibres which had been washed in 
water and isopropanol. Additionally, the variability along a tow was tested by comparing 
samples at close proximity with the tows from different areas. Finally, angle resolved 
XPS was performed on the as received fibres to investigate compositional changes with 
depth. For these tests, the fibres has to be turned in order for the X-rays to be directed 
along the tow (see Fig. I I ) .
2.6.2.2 Results
Typical spectra of untreated and treated fibres are displayed in Fig. 12 showing survey 
spectra, and the carbon, nitrogen and oxygen regions. There is very little difference in 
the carbon peaks between untreated and treated fibres and this is normal for 
commercial fibres. The average surface compositions of the fibres tested are shown in 
Table 2 for the as received fibres. Fig. 13 shows the carbon, nitrogen and oxygen content 
(percentages of all elements present) as a function of surface treatment. The spread of
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results is indicated by an error bar between the highest and lowest data points 
measured.
After this for selected fibres, XAU and XA25, the variability along the tow was 
investigated. Results of this study are shown in Table 3 and indicate a lower variability 
when the samples are adjacent compared to those at random intervals along the fibre 
tow length. This has been observed before with microdebond tests on single fibres (Gaur 
and Miller, 1990). XA25 seems to possess a lower variability compared to XAU.
Washed fibres were analysed and the results given in Table 4. There does not appear to 
be a significant difference between these and as received fibres as values are well 
within the limits shown in Fig. 13. The fibres are washed after their treatment process 
in any case.
The likelihood of the presence of contaminants on the surface which may affect the 
results was studied by comparing a sample before and after washing in isopropanol. XAU 
was used for the study and as indicated in Table 4, isopropanol appears to increase the 
oxygen content which would be indicative of removing a surface contaminant, perhaps 
a low molecular weight material from the storage bags.
The variation of the atomic ratio of carbon/nitrogen and carbon/oxygen with angle are 
shown in Fig. 14. L ittle angular dependence is noted of the oxygen content of XAU and 
none for XA100 and there is no dependence of nitrogen content on take-off angle. The 
results may indicate that there is no angular dependency, or that there is an island like 
distribution of oxygen and nitrogen. In fact it is very difficult to obtain meaningful 
results with angular work on carbon fibres as they are cylindrical and the depth of 
analysis will vary around the circumference of the fibres.
2.6.2.3 Discussion
The treated carbon fibres studied in this work which all originated from the same tow 
of fibre showed enormous differences in content and variability of surface composition 
depending on the degree of electrolytic treatment previously applied. Those analyses
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which were carried out at random intervals along the lengths of the tows showed an 
increase in oxygen and nitrogen content with surface treatment. However, the increase 
is not proportional to treatment and the mean value rises much more gently after an 
initial steep rise to 5-10Cm and subsequent plateau. If a weakly bonded layer of 
graphite is removed as discussed in Section 2.3, at about lOCm , then the oxygen 
content at that point would drop as shown because the surface oxygen deposited as a 
result of the surface treatment process would be removed with it. The newly exposed 
surface will then continue to be oxidised so there will be a compensation effect. After 
this, oxygen content continues to rise.
The nitrogen content remains fairly constant through this region and rises as normal 
afterwards. It  is thought to be partly derived from the PAN precursor and partly from 
the ammonium salts in the electrolyte. This is demonstrated by a shift in the nitrogen 
peak. The peaks could not be fitted accurately due to noise but showed an approximate
_ p
rise in the ammonium content up to 25Cm . As the treatment is increased, the more 
likely it is that nitrogen atoms may be deposited on the surface from the electrolyte 
but also with pitting of the surface more nitrogen in the core of the fibre may be 
uncovered. This was also demonstrated by a drop in the ammonium and an increase in
o
the PAN nitrogen content at levels over 25Cm .
The spread of data can also generate information about the condition of the fibres at 
a particular treatment level. The deviation of oxygen values is highest for XA10 and 
XA15 which tends to suggest that a structural change is occurring at these levels. 
Nitrogen values shown are scattered far more for XA10 and XA100 than any of the 
other fibres, low spread shown for XA25.
The XAU fibre has not been treated and therefore might be expected to be more 
consistent than those fibres passed through the electrolytic bath. XA25 showed the least 
variability in adjacent samples as well as low variability in random samples indicating 
a well defined surface.
It has been suggested that the optimum level of adhesion was at XA25 (Section 2.1.5 and
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this will be discussed in greater detail in Chapter 4). This would suggest that the oxygen 
content itself does not provide the improvement in adhesion as oxygen continues to 
increase after this level. It  is therefore necessary to investigate the particular acidic 
groups which might be involved with bonding at the interface.
The specific nitrogen components on the surface may well be contributing to the bond 
but this has not been further investigated in the present work.
2.6.3 Adsorption isotherm study
2.6.3.1 Introduction
The possibility of derivitisation as an alternative to peak fitting of the carbon peak was 
introduced in the last section for fibres where the treated carbon peaks showed little  
difference from the untreated carbon fibre peaks. This is also true for the fibres used 
presently. However, the problems associated with derivitisation were discussed, i.e. a 
monovalent ion may not be retained on the fibre surface after rinsing and the divalent 
ion used to date required harsh conditions for adsorption perhaps detrimental to the 
fibre surface. Also, only unique values of uptake were calculated at one concentration 
of solution, with no knowledge of the mechanism of adsorption. The present method.of 
creating adsorption isotherms was developed in order to overcome some of these 
difficulties and to obtain additional information on the nature of the bond formed with 
the adsorbed species.
The notion of using gas adsorption isotherms to investigate the uptake of active groups 
by a solid surface was initiated by Bailey and Castle (1977) for the adsorption of 
ethoxysilanes on iron. The concentration of silicon on iron was measured after 
immersion in various strengths of solution. The data was plotted on a surface 
concentration/bulk concentration isotherm and could be directly compared to a gas 
phase isotherm because true adsorption and not apparent adsorption (as usual with 
adsorption from solution) is measured by XPS. The idea was extended to adsorption by 
the acidic groups on carbon fibres by Ghosh and Castle (1988). They carried out some 
preliminary experiments using silver nitrate solution of different concentrations to label
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surface groups of untreated and electrolytically oxidised fibres.
Several isotherms may be appropriate to monitor the data, either physical or chemical 
adsorption. Fig. 15 shows examples of both types of isotherm. The simplest calculation 
of an isotherm is based on the assumption that every site is equivalent and the ability 
of a particle to bind there is independent of whether or not nearby sites are occupied. 
The Langmuir isotherm was developed to consider the equilibrium set up between the 
adsorbed gas and the adsorbent, the rate at which molecules condense on the bare sites 
of the adsorbent surface being equated with the rate at which they reevaporate from 
the occupied sites.
Several other model isotherms have developed since then to overcome problems 
associated with assumptions made in the first model. The Langmuir isotherm theory 
ignores the possibility that the initial overlayer may act as a substrate for further ( e.g. 
physical) adsorption. Instead of the isotherms levelling off to some saturated value they 
could rise indefinitely. The most widely used isotherm of this type is that of Brunauer, 
Emmett and Teller (BET) (Gregg and Sing, 1967). However, as the experimental 
isotherms all appear to level off, the BET types cannot be applied to the present data.
Another assumption of the Langmuir isotherm is the independence and equivalence of 
the adsorption sites. The Temkin and Freundlich isotherms consider chemisorption where 
the energetically most favourable sites are occupied first and the enthalpy of adsorption 
becomes less negative as the coverage increases. However, for the case of magnesium 
or silver seeking out the carboxylic and hydroxyl groups on the surface of a carbon fibre 
all sites must be considered equivalent. There are so few available that it is unlikely 
that the presence of a tagging ion will affect the uptake of a further ion. Langmuir 
isotherms were therefore selected to model the results.
In order to test if the Langmuir model does fit the data the following equation is 
adopted from the original gas phase isotherm. Adsorption uptake per gram of solid is 
taken as atomic % uptake (measured by XPS) and the equivalent of pressure is solution 
concentration
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A t Bxm xm 2 . 6 . 1
S is the solubility (% of saturated solubility So), At% is the uptake measured by XPS, 
xm is the monolayer coverage, B is a constant = A(const)e^RT and q is the heat of 
adsorption.
In the present work, silver nitrate was chosen to label the acidic groups as it could be 
used at room temperature and as it is monovalent it should bond to one group only which 
should generate results which are easier to interpret. However, due to the uncertainties 
of the permanency of the bond and to ensure that results were not biased by the type 
of labellant, a divalent ion was also used. Magnesium was chosen as it is easily 
detectable by XPS and of reasonable size so as not to have problems of steric hindrance. 
Magnesium sulphate crystals were chosen in particular as they are very soluble in water 
at room temperature. This meant that a range of concentrations of labelling solutions 
could be employed.
A problem associated with the work might be the possible presence of unrinsed material 
physically adsorbed on the surface which would affect the amount measured. This has 
only been considered by Denison et al (1985, 1986, 1987) who have allowed for barium 
chloride remaining on the surface by monitoring the amount of chlorine present. As 
there is abundant nitrogen on the surface of the fibres we cannot monitor nitrate in the 
same way. For the present work the amount of nitrate on the fibres which was thought 
to be associated with physically adsorbed silver nitrate was determined by curve fitting 
the nitrogen peaks. A clear shift from 399ev to 407ev is observed for NO3". A typical 
fitted nitrogen peak is shown in Fig. 16. Before fitting the peak, a background is first 
removed by the method of Shirley (1972) in which the background intensity is allowed 
to increase in proportion to the integral of the peak area lying above it. This is found 
to be more reliable than the straight line interpolation. Once the nitrate content has 
been established, the silver associated with it can be subtracted from the surface 
concentration. The magnesium sulphate remaining on the surface of can easily be traced 
by the sulphur content on the XPS spectra.
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2.6.3.2 Sample preparation
5cm lengths of tows of untreated fibres and those treated at 10, 25, 75, 100, and 400
_ 2Cm were soaked in solutions of increasing % of saturated solution of magnesium 
sulphate from .1% to 100% SQ (the saturated solution), in deionised water. Untreated 
fibres and those treated at 25 and 100 Cm were soaked in solutions of from .01% to 
100% S0 of silver nitrate in deionised water. Fibres were soaked for 30 min and then 
rinsed thoroughly, the former fibres in deionised water and the latter in pure ethanol 
and then all fibres dried in an oven at 60°C.
The samples prepared in this way were mounted on holders in the same way as before 
and spectra recorded as narrow scans of the carbon, nitrogen and oxygen with either 
magnesium and sulphur or silver. Survey scans showing the presence of a.magnesium and 
b.silver are given in Fig. 17. If any other elements were noted on the survey scan then 
further narrow scans of that region were recorded.
2.6.3.3 Analysis of the results
Data processing produced a quantification of the elements present on the surface with 
suitable corrections for unrinsed material. Adsorption isotherms were then constructed 
as plots of % surface concentration uptake of the labellant as a function of the 
concentration of solution in which it was treated. Up to 8 data points were generated 
for each particular fibre treatment level and solution concentration depending on the 
apparent variability of the first sets of results. These isotherms are presented in Fig. 18 
and show a high degree of scatter. The lines fitted to the data will now be examined.
An attempt was made to fit the magnesium data to Langmuir isotherms by plotting 
S/At% against S giving slopes 1/xm and intercept 1/B. These plots are to be found in 
Fig. 19 and we see that the data forms one (XA25, XA400), two (XAU,XA10) or three 
(XA75,XA100) distinct straight lines. It was discovered that the points on each line 
corresponded to a different range of values of magnesium normalised by oxygen content 
(the amount of magnesium multiplied by the C/O ratio). By linear regression of the 
points forming each line, the parameters xm and B may be calculated, as previously
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described. These are shown in Table 5 demonstrating that the lower isotherms are 
described by lower values of xm than higher ones. Also the lowest isotherms, for all 
apart from the XAU fibre, seem to have a low B value (related to the heat of 
adsorption).
Replotting in the form of At% versus Solution concentration in the form of an isotherm 
shows that there are indeed one, two or three isotherms present for the different fibres, 
as shown in Fig. 18. Data points on the different isotherms are described by a different 
range of normalised acidity, low curves, < 4, mid 4 -10 and high >10 for all fibres. The 
reasons for this will be discussed further below.
The same Langmuir method applied to the silver adsorption samples produced the S/At% 
against S plots for XAU, XA25 and XA100 as shown in Fig.20 and the corresponding 
adsorption isotherms shown in Fig.21. The best fit to the isotherm is at concentrations 
below 0.3, as the silver is very soluble. Unlike the magnesium treated fibres, the data 
appears much less scattered and falls on one line for each fibre type. The parameters 
calculated from the plots are displayed in Table 5. The values of xm rise with treatment 
level from XAU to XA25 and then fall slightly at XA100. The xm and B values are all 
larger than for magnesium.
2.6.3.4 Experimental conditions
Experimental conditions were varied to observe the effect on the measured uptake. A 
longer time in the analysis chamber bombarded by X-rays produced no significant 
difference in the amount of silver tag measured. Washing procedures were then 
explored, additional rinsing of magnesium treated fibres produced no significant 
difference. Silver rinsing by water was investigated and the results indicated that the 
washing process is random and sometimes silver may be washed off and at other times 
not, therefore the ethanol was the best choice.
In order to investigate any possible surface structural effects which might enhance or 
diminish the signal obtained, the take-off angle was altered. The samples studied were 
XA100 and XA25 treated with 0.2S magnesium sulphate and XAU treated with 0.5S.
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These solution concentrations were selected because they were at the knee of the 
adsorption isotherm where saturation has just occurred. The amount of magnesium on 
the surface multiplied by the carbon/oxygen ratio is shown in Fig.22 for XA100, plotted 
against take-off angle. The low angles are surface sensitive and we would expect more 
magnesium.
Magnesium content appears to decrease with lower angles, however, it was discovered 
that the reason for the reduction was in fact the time spent in the analysis chamber. 
Heat from the X-ray gun was removing the magnesium from the surface. Fortunately, 
the length of time to remove magnesium was over one hour and the maximum time 
required for the previous analyses was 30min so they would not have been affected to 
any significant degree although this might account for some of the scatter.
2.6.3.5 Auger parameters
A t the same time as producing the narrow scans for the adsorption study, scans were 
generated at the appropriate energies for the Auger peaks for silver and magnesium. 
Auger parameters were calculated and displayed on a Wagner plot. These are given in 
Fig. 23 together with Auger parameters for pure crystals of silver nitrate and dried 
magnesium sulphate for comparison.
The magnesium Auger parameters tend to shift from XAU to XA25 to values more 
closely associated with compounds and away from those associated with isolated atoms 
as in gases. There is no significant difference between parameters determined for levels 
above XA25. The silver values are all within the same limits except for the untreated 
fibres which have greater spread but no shift is observed. In Fig. 23 the silver Auger 
parameters are displayed on the standard Wagner plot, whereas the magnesium 
parameters are plotted on an enlarged diagram in order to distinguish the differences 
between the values for treated and untreated.
2.6.3.6 Discussion
Advancing an understanding of surface chemistry from the results of adsorption studies 
on the fibres involves many factors. High scatter was observed particularly for XA10,
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XA75 and XA100 when labelled with magnesium. As experimental conditions were kept 
within strict limits, for example temperature and duration of treatment, washing 
routine, handling etc. it was considered that this was not the source of the variability. 
Reruns of samples produced results of up to only 1.5% difference so the apparatus or 
human error of analysing the peak areas was not causing the scatter. It  is possible that 
in some cases the fibres at the centre of the tow are being analysed preferentially, as 
the tow was spread out over the holder. As there is known to be heterogeneity between 
the centre and surface of the tow (Guilpain et al, 1990) this could be the cause of some 
scatter.
The surface of the fibre along a tow will vary also and may do so more for one fibre 
treatment level than another. The isotherms constructed for the uptake of magnesium 
possess least scatter for fibres XA25 and XA400. From the elemental composition data 
previously reported this reduced scatter might be expected for XA25. The isotherm 
constructed for XA10 has wide scatter and this is also reflected in the surface 
composition variability. No other significant comparisons can be made. Therefore, the 
isotherm variability cannot be wholly attributed to surface compositional effects.
Another possibility considered was the competing process of adsorbing sulphate onto the 
surface. Sulphur in the form of sulphate was monitored as a function of solution 
concentration and the resulting isotherms produced can be seen in Fig.24. They indicate 
physical adsorption of the sulphur onto the fibre surface. Although the scatter makes 
it difficult to fit an isotherm there does appear to be a relation between a high 
magnesium uptake and a high sulphur uptake and the two processes are not competing.
It was discovered that even when the data was normalised by dividing by the amount of 
oxygen which should effectively remove the compositional variability influence, there 
were still some fibres which had taken up much higher or lower values than the average. 
This produced up to three separate isotherms for the same fibre type demonstrating that 
even with the same treatment level different parts of the tow were behaving in totally 
different ways. The silver isotherms do not show this. Therefore the above described 
effect appears to be exclusive to the magnesium data and yet we are suggesting that
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it is a fibre related phenomenon.
Due to the normalisation procedure any random affects of take-off angle, fibre 
geometry or surface roughness on the results would be accounted for. Therefore the 
fibres are actually adsorbing more magnesium per oxygen in some parts of the tow 
compared to other parts. The answer must lie with the nature of the magnesium ion 
itself, since the same phenomenon is not observed with the silver ion.
Magnesium is known to form complex compounds with ligands which may be any 
monoatomic or polyatomic negative ion or neutral molecule. These latter always have 
one or more pairs of unshared electrons and usually are oriented so that one unshared 
pair points at the metal ion. Magnesium forms the most stable complexes with fluoride 
ions or oxygen as the donor atom. Even more stable is the chelating ligand which 
contains two or more functional groups so arranged that it can simultaneously occupy 
positions in the first coordination sphere of the same metal ion. If it is possible for the 
carbon fibre to act as a chelating ligand by providing several acidic groups to bond to 
the magnesium then the ion will be at its most stable. In the case of the surface of the 
carbon fibre it is likely that the flaws and pores where the acidity is thought to be 
positioned could provide more than one site and perhaps up to four if the geometry 
allowed for this (see Fig.25). Magnesium ideally likes to be surrounded by six ligands and 
so would accept other donating molecules, probably OH~ from the water or on the fibre 
surface to fill up the remaining available positions.
The hydrated magnesium sulphate ion, Mg(S0 ^).7H20, shows this 6 coordination but the 
7th H2O is linked between the hydrogen atoms of the water of crystallisation attached
r \
to the cation and the oxygen atoms of the SO4 ion (Wilson and Newall, 1966) (see 
Fig.26). SO4 present on the surface will be in this form and if more magnesium is 
present (physically adsorbed in this form) then more sulphate is present. By correcting 
for the sulphate on the surface as we have done we are in fact subtracting the 
physically adsorbed molecules of magnesium from the total uptake of magnesium.
We are now in a position to examine the significance that the six coordination has on
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the isotherms and uptake of the ion by the surface of the fibre. The important aspect 
to consider here is the difference between the points lying on the separate isotherms 
which have been selected on the basis of the normalised magnesium uptake. The amount 
of magnesium for each oxygen molecule (and therefore for each acidic group) is greater 
for the upper curves i.e. there are fewer acidic groups bonded to each magnesium atom. 
In order to understand the values calculated for MgC/O for the isotherms it is important 
firstly to find out how many acidic groups are available for bonding. This may be 
achieved by examining the data generated from the silver adsorption isotherms. These 
show a single uptake behaviour associated with the silver molecule bonding to one acidic 
group. Silver does not have the same tendency to form complexes as magnesium and this 
is thought to be the reason for the well defined adsorption isotherms for each fibre 
type. Therefore the values of xm for silver monolayer coverage should represent the 
number of acidic groups on the fibre surface.
First of all we take the value for XA100 of xm 3.8% and of average oxygen content for 
a fibre to be 10% and we assume that the acidic groups for these treated fibres are all 
carboxylic acid groups (Denison et al (1985) have calculated the likelihood based on the 
pKa values of tags attaching to OH and COOH groups). In this way it would appear that 
7.6% of the 10% oxygen groups present on the fibre surface are COOH- . A typical 
carbon content for XA25 isotherm is 80% and therefore for an arbitrary MgC/O value 
of 10, (in the range 4-10) Mg= 10*10/80 = 1.25
Mg/COOH = 1.25/7.6 
= 0.16
From this we can see that the lim it of Mg/COOH is about 1:6. In fact this value is lower 
than expected as it would be extremely difficult to find six COOH groups arranged on 
the fibre in such a way as to bond to all available sites around the magnesium ion. The 
more stable situation is likely to be 1:4. One reason for the discrepancy is that the 
silver may in fact be bonding to OH groups. Although this is more unlikely because OH 
is not so acidic, it may happen once all the available COOH sites are used up. 
Magnesium may also be adsorbing to several OH groups as well as COOH groups in order 
to create the most stable six coordinated structure. It is therefore difficult to quantify 
exactly the number of COOH sites and only possible to state precisely the number of
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acidic (COOH and OH) sites able to bond to the silver. The different Mg isotherms may 
then be loosely interpreted as being associated with a different number of COOH groups 
attached to the magnesium, perhaps two on the upper curves and four on the middle 
curves. It  is generally accepted that there are considerably more COOH groups 
compared with OH groups on the treated fibre (Porter et al, 1990) so this may be a 
reasonable assumption.
If  the simple rule is established that the upper curves are associated with 2xCOOH 
groups, the middle 4xCOOH groups and the lower curves 6xCOOH groups (for those with 
two isotherms there is no upper curve) regardless of the possible presence of OH groups, 
some acidity values can be established. Firstly, we can compare values of xm for the 
silver adsorption plots with the magnesium xm values. This should indicate that there 
is 1/2, 1/4 and 1/6 times the level of magnesium compared with silver and the figures 
in Table 5 are generally of the correct order. The 1/6 value is not physically likely blit 
used here for completeness. There will also be a statistical probability involved with 
finding 2, 4 or 6 COOH groups in close vicinity which does not effect the silver results. 
Denison et al (1985, 1986, 1987) has attempted to account for this but have only 
assumed simple divalent bonding on a plane and not in pores despite stating that the 
functionality is located in the pores.
This analysis seems to fit the results reasonably well for the upper two isotherms. 
However, it suggests that the samples of fibre encouraging uptake by 2 or 4 COOH 
groups are behaving in a fundamentally different way from one part of the tow treated 
by the same electrolytic current to another. This effect is averaged over the 12,000 
fibres in the tow and still is significant. XA10 has wide scatter partly due to the 
different surface compositions and this is thought to be due to the removal of a weakly 
bonded layer at this point. If this is the case then it can be imagined that the two 
isotherms present for this fibre represent fibres at different stages of the removal of 
this layer. If  the layer is in situ it is possible that there are fewer edge sites and after 
removal the protruding platelets will have a greater tendency to form functional groups.
The XA100 and XA75 fibres possess three types of behaviour. For XA100 these three
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may be typical of XA90, XA100 and XA110. This would mean that the fibres, although 
essentially in the same treatment level type, had received slightly different amounts 
of treatment along the tow. The reaction is very rapid at these levels and there is much 
evolution of gas. In fact it has been shown (Robinson et al, 1986a,b, Robinson, 1985) that 
the surface area increases by pitting at level XA100 ( four times standard treatment). 
Fibres which have been pitted will possibly have pores with more COOH groups. Fibres 
may have been pitted so much that another layer has been removed and no COOH 
groups are found in pits but on the basal layers. As discussed by Denison (1988b) it is 
more likely that atoms held in pores will be retained after rinsing. This would explain 
why the lower curves have fewer tags.
The B values were described previously to be associated with the heat of adsorption. 
This is generally much higher for chemical adsorption than for physical adsorption due 
to the nature of the bond formed. In the former case, this involves a sharing of 
electrons and in the latter case a displacement of electrons but no transfer. In reality, 
the bond formed at the surface is not clearly chemical or physical as discussed by Clark 
(1974). He states that the chemisorptive bond and the conventional bonds may arise 
from the same electromagnetic forces but in the surface these forces are far more 
intricately compounded. However, it can be assumed that if there is a high heat of 
adsorption the bond is stronger and this is represented on the adsorption isotherm by a 
high uptake even at low concentrations of solution. The isotherm has a sharp knee which 
denotes the completion of the monolayer compared with physical adsorption which 
shows a much more gradual rise (see Fig. 15). This effect is due to the sites available for 
’chemical' bonding being used up rapidly and after this no more ions can be taken up. 
Physical bonding is much less specific and several layers of adsorbed molecules may 
build up before saturation occurs.
If we now look at the isotherms in Fig. 18 it is evident that the lower curves in all multi­
isotherm situations, except XAU, show physical adsorption behaviour with a more gentle 
rise. The remainder are demonstrating chemisorption. Silver B values are higher 
generally, due to the single type of Ag-COOH bond formed (also we know these are 
stronger as they are not removed by the heat of the X-rays compared with the
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magnesium ions). However, as we are not comparing actual heats of adsorption but B 
values which involve other element specific parameters, silver and magnesium values 
cannot be compared directly. Nevertheless, all silver plots do have very high B values 
suggesting mostly chemical bonding. The Wagner plots show no difference in Auger 
parameter from one type of fibre to another which reinforces this theory. This is not 
found by Ghosh and Castle (1988) who note a difference between treated and untreated 
fibres but it is for a different fibre type.
The explanation for the more gentle rise of the lower magnesium curves may be 
associated with COOH groups being on the surface with less likelihood of 'filling up' the 
pores which creates the chemisorption type of plot. As Auger parameters are the same 
for upper and lower points the bond type must be the same but in a different location.
The XAU magnesium plots demonstrate physical adsorption on the upper curve and 
chemical adsorption on the lower curve. XAU fibre is much more likely to bond via OH 
and although there is definitely COOH present (as shown by fluorine uptake experiments 
see Section 2.6.4) this not so abundant. It would appear that the upper curve 
demonstrates all OH bonding and this is reflected in the Auger parameters as the upper 
curve magnesium samples are those at the bottom of the Wagner diagram. As the Auger 
parameter for isolated gas atoms is found low on the Wagner plot this demonstrates that 
the electrons are in a state nearer to a single atom than a compound. The lower XAU 
isotherm represents bonding to COOH and OH. The chemisorption nature of the lower 
plot suggests more bonding to COOH. However, the borderline between the two kinds 
of adsorption is blurred, extreme displacement of electrons being indistinguishable from 
very unequal sharing of electrons.
A final point to be considered is the porosity of the surface. Although it is not until 
XA75 - XA100 that the porosity increases to any significant extent there will be some 
flaws and pores on the surface which must accept the hydrated magnesium atom in 
order that the above discussion holds. If the pores are too large for the magnesium ion 
to bond to COOH groups on each wall, or if the pores are so small that Mg ions cannot 
fit inside, the above explanations for the multiisotherms will not be valid. The size of
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the hydrated magnesium ion can be calculated from the Stokes and Robinson (1957) 
formula
b h = [ ( V °+ lQ h )  /4  . 3 5 X 1 0 24] 1 /3 ................................2 . 6 . 2
OA Q
where b  ^is the hydrated radius, V° the partial molar volume equated to 4.35 x 10 b , 
b the ion radius and h the number of molecules of hydration. From an ionic radius of 
.66A and the knowledge that magnesium prefers six coordination, a value for bh is 4.11 A. 
From the work by Denison et al (1988b) the pores are thought to be less than lnm in 
width. It seem likely then that the magnesium ion can be held within a pore and bonded 
to the walls and that the above discussion may be genuine.
2.6.3.7 Calculation of acidity
The values of xm may be used to calculate a value of the level of acidity by the method 
of Denison et al (1985, 1986). They take a volume of analysis to be that of a model 
surface segment of graphite, lOnm x lOnm x a depth of 3.5nm. This latter is calculated 
from the inelastic mean free path which is determined from the relation by Seah and 
Dench (1979)
X = I2 J L +  Q . A l y f T a E f ..........................   2 . 6 . 3
E 2
for Cls photoelectrons with kinetic energy 1200ev and atomic size, a. A graphitic 
structure is assumed to exist down to lOnm below the surface. The intensity of 
photoemission from atomic layers below the surface plane decays exponentially with 
depth according to the Beer-Lambert law (Eqn.2.5.3). Integration of this function gives 
an analysis depth up to approximately 3.5nm. From the density of graphite, Denison et 
al have then calculated the number of carbon atoms in this segment to be 40,000.
From the ratio of carbon to magnesium or silver for a monolayer covering of ions on the 
surface, the number of ions on a segment can be calculated. Acidic group density 
(number acid groups/carbon content) is determined on the basis of the Mg bonded to
2,4,6 and Ag bonded to 1 COOH atom according to the adsorption isotherms from which 
the xm values were generated.
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If X is the geometrical area of the fibre calculated from the fibre diameter of 7 pm and 
density 1.8gcm~* and R is a surface roughness factor of arbitrary value, usually taken 
to be 1.5, then the number of surface segments of lOnm x lOnm, N, is given by
N  = ------- — ........ ........................... 2 . 6 . 4
(lO x lO -9) 2
If a is the number of acidic groups per surface segment and A is Avogadro's constant, 
the surface acidity in units of ^equivalents per gram is given by
A c i d i  t y  = aXR x  1Q6...........................2 . 6 . 5
The effect of the separation of COOH groups on uptake of magnesium is not taken into 
account here. This would involve knowledge of the surface topography of the fibre tows.
Calculated values of the number of acidic groups are presented in Table 6 and indicate 
that the low XA75 and XA100 isotherms are not representing bonding to six COOH 
groups. The upper XAU curve is not included in these calculations as it is assumed that 
the bonds are all OH. For the remainder there is very good correlation from one 
isotherm to another and from silver to magnesium. This latter seems to confirm that 
both types of labelling ion are measuring the same acidic groups, probably COOH. 
Acidity values calculated from an average of these numbers for each fibre treatment 
level are also given in Table 6. These and the values for the silver isotherms 
demonstrate that there is a rise with treatment level up to XA25 and then a plateau. 
Fig. 27 shows this more clearly. This confirms the trend noted with the Auger 
parameters for a stronger bond as the treatment level is increased up to XA25 with 
little  change after this value. As we have mentioned above, XA25 appears to be the 
optimum adhesion level and so there is a strong correlation with acidity. This will be 
discussed more fully in Chapter 6.
The actual values of acidity compare well with those in the literature. The results of 
Ehrburger et al (1978) using titration and Denison et al (1985) using barium labelling on 
type II fibres are very similar values.
2.6.4 Subsidiary derivitisation studies
Further labelling of the surface functional sites was made by endeavouring to directly 
bond simple epoxy resin molecules to the fibres and monitor the uptake with XPS. 
Phenyl glycidyl ether (PGE) consists basically of a benzene ring with an epoxy group 
attached (see Fig.28).
In this experiment the PGE was used to label the same groups that the epoxy resin may 
bond. Therefore it should be possible to monitor the density of these groups in relation 
to the level of fibre surface treatment. Two fibres XAU and XAI00 were treated with 
PGE at 0.2,0.6,0.8,2 and 3 molar solutions in ethanol, rinsed and dried.
The results are found in Table 7 as % of carbon/oxygen group found after treatment. 
No conclusions could be drawn from these results and it is suspected that any changes 
are so small that the peak fitting routine cannot detect them.
The final derivitisation experiments that were carried out involved the specific labelling 
of carboxylic groups by fluorine, (the previous tests in this study have been unspecific 
in that any available reactive group may have been involved). The groups attached to 
the COOH groups should be so strongly bonded that they effectively ’block’ any further 
reactions between the fibre and the resin. Adhesion tests on these fibres would then 
indicate the importance of the COOH groups for bonding.
The method adopted for labelling in this way was the chemical derivitisation technique 
of Everhart and Reilley (1981) used to measure specific groups on polyethylene by 
uptake of fluorine containing compounds. The particular reaction used involved 
dicyclohexylcarbodiimide (DCC) which is often employed in the esterification (Hassner 
and Alexanian, 1978) of carboxylic acids and their spectrophotometric determination 
(Kasai et al, 1975). A 5cm length of tow was immersed in a solution of 500pi of 2,2,2- 
trifluoroethanol (TFE), 1.5g dimethylaminopyridine (DMAP), 200mg DCC and 15ml 
dichoromethane. This was then stirred and left at room temperature to react for 16 
hours. The sample was then washed with anhydrous ethyl ether and soxhlet extracted
73
for 12 hours. A fter drying, a 2cm length of tow was attached to a holder and analysed 
using XPS for the uptake of fluorine as an indication of the reaction with carboxylic 
acid on the surface. Untreated fibre and XA25 fibre were tested in this way.
A fter analysis using XPS, some remaining fibre was made up into a fragmentation 
sample (see section 4.4) to see if the fluorine had in fact blocked off the reaction 
between the resin and the fibre.
Both XAU and XA25 fibres took up the fluorinated compound indicating the presence 
of carboxylic groups on the surface, 0.147% by XAU and 0.21% by XA25. However, 
after embedding in resin and testing for reduced adhesion by the fragmentation test no 
difference was observed between these and the as received samples. This may be 
because the COOH groups do not aid the bonding process atall but it is more likely that 
the fluorinated compound has been displaced by the resin which then forms a bond in 
the usual way.
2.6.5 Conclusions
It has been demonstrated from XPS studies on the elemental composition of untreated 
fibres and those treated with an increasing electrolytic treatment that the oxygen and 
nitrogen content rises with treatment level. This is in agreement with other studies.
In order to study the bonding potential of the treated fibres via acidic groups on the 
surface a new adsorption isotherm technique has been developed. This can not only yield 
values of surface acidity by adopting standard isotherm models, but it can also generate 
information on the nature of adsorption. This technique has not been applied to carbon 
fibres before but appears to be a useful method of establishing the quantity and nature 
of surface functional groups. If a labelling ion is used which is specific to a certain 
chemical group then the exact porportions of acidic groups could be ascertained. The 
technique could be applied to many fibre composite systems in order to measure the 
likelihood of a chemical contribution to the adhesive strength.
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In this study an increase in surface acidity up to the optimum adhesion level 
(determined by fragmentation tests) followed by a levelling was observed. The isotherms 
indicated a change from physisorption to chemisorption with increased treatment up to 
the optimum level. This was also indicated by the use of Auger parameters.
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F ibre 
des ignation C 0
El erne 
N
it (ator 
N«
nic Z) 
Cl Si S
AU 85.5 8.2 4.1 1.0 0.1 0.5 0.3
AU 88.0 . 6.1 - 5.3 - - -
AU 91.0 2.7 1.0 5.3 - - -
AU" 1 92. 4 2.7 3.5 1.5 - - -
AU-1 91.7 4.3 2.2 1.7 - - 0.1
AU-I 88.1 6.8 2.2 2.9 - - Trace
AU-1 86 9 2 3 - - -
AU-4 79 14 2 5 - 5 -
AS 73.2 14.8 9.5 2.1 0.4 0.3 0.4
AS 79.0 15.0 3.0 2.8 - - -
AS 77.0 15.0 5.4 2.4 - - -
AS-1 82.2 8.9 7.9 0.6 - - Trace
AS-1 82.5 10.5 6.4 0.6 - - -
AS-1 84.0 10.0 5.4 0.5 - - -
AS-1 85 10 4.5 1.0 - - -
AS-1 70 20 7 4 - - -
AS-1 84 11 4 1.0 - 0.2 -
AS-4 91.0 6.2 2.8 - - - -
AS-4 85 10 4.5 1.0 - - -
AS-4 86 7.4 6.0 - - - -
AS-4 80 15 6 - - - -
AS-4 83 12 4 0.7 - 0.2 -
AS-4 84.9 11.0 4.1 - - - -
AS-6 85 9 4 1.7 - 0.4 -
AS-C 88 11 0.4 0.6 - - -
HTU 90.3 6.2 1.5 0.7 0.2 0.9 0.4
HIS 81.0 11.2 5.7 1.3 0.2 0.5 0.2
HHU 92.7 4.9 0.7 0.7 0.1 0.5 0.3
HMU 97.0 2.5 - - - - -
HMU 97.0 3.1 - - - - -
HMU 95 5 - - - - -
HMS 87.5 8.2 1.6 1.7 0.2 0.4 0.4
11MS 94.0 5.5 - - - - -
HMS 95.0 4.9 - - - - -
HMS 89 9 - - - - -
Table 1. Carbon fibre surface elemental composition (Wright, 1990)
T reatm ent 
le v e l (C/m2)
Carbon % N itro g e n  % Oxygen %
0 92. 2 3. 4 4 . 0
1 to0000 5 . 0 6 . 4
3 88 . 5 5 . 8 5 . 7
5 86. 4 5 . 2 7.9
10 86.3 5 . 0 8 . 5
15 86. 7 5 . 5 7 . 7
25 85. 6 6 . 5 7 . 6
50 85 .5 6 . 3 8 .1
75 82 i 0 8 .0 10.0
100 82.0 7.9 9 . 7
400 81.0 8 .1 9 . 9
Table 2. Surface elemental compositions of untreated and treated carbon fibres
75.1
Random  | C lo s e  s a m p le s
Level C IS N IS O IS
Cm"2 Random Close Random Close Random Close
0 Mean 92.2 92.8 3.43 3.09 3.95 3.64
0 St.dev 0.95 0.66 0.54 0.41 0.44 0.195
25 Mean 85.6 85.4 6.52 6.80 7.50 7.65
25 St.dev 0.62 0.31 0.25 0.28 0.66 0.22
Table 3. Comparison between elemental composition of samples taken at random 
from a tow and those at close proximity.
Treatment 
level (Cm'2)
Carbon % Nitrogen % Oxygen%
0 90.5 4.0 5.2
1 87.9 4.5 7.3
3 87.2 5.5 5.7
5 87.1 6.0 6.8
10 87.0 6.0 6.6
15
ot"00 5.7 6.6
50 84.4 6.7 7.7
100 84.2 6.7 9.2
Isopropanol
0
88.9 4.5 6.2
Table 4. The effect of washing fibres on their elemental composition
Surface
Treatment
MgC/O < 4 MgC/O 
4 - 10
MgC/O > 10 Ag
0 xm% 0.3 1.0 1.67
B 20.0 3.7 100.0
10 xm% 0.2 0.9
B 2.7 10.0
25 xm% 1.0 4.42
B 25.0 256.0
75 xm% 0.3 1.4 2.0
B 5.5 17.0 100.0
100 xm% 0.7 0.9 2.7 3.8
B 2.9 38.0 90.0 100.0
400 xm% 1.0
B 50.0 --------------------------
Table 5. Monolayer coverage of adsorbed labelling ion (xm) and values of B from  
the Langmuir model for all fibres tested
75.2
Level
(Cm_2)
Number acid 
groups (Mg)
Mean
(Mg)
No.
acid
groups
(Ag)
Acidity
peq/g
(Mg)
Acidity
peq/g
(Ag)
<4 4-10 >10
0 .020 0.020 0.014 6.4 5.9
10 .020 .040 0.028 8.9
25 .047 0.047 0.050 15.0 15.9
75 .022 .048 .065 0.045 14.4
100 .050 .046 .060 0.054 0.040 17.2 15.1
400 .049 0.049 15.6
Table 6. Acid group number and acidity of untreated and treated carbon fibres as 
determined from magnesium and silver adsorption isotherms
Treatment Peak C-C % C-0 % O it O o\° C-OOH %
XAU 79 13 6 3
0.6 M PGE 69 20 7 4
0.8 M PGE 71 15 9 5
XA100 73 12 9 5
0.2 M PGE 70 17 9 4
0.6 M PGE 69 16 9 5
2 M PGE 69 18 9 5
3M PGE 73 17 6 3
Table 7. Shifts in the Cls peak after treatment with PGE.
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3 THE RESIN MATRIX
3.1 SURVEY OF THE LITERATURE
3.1.1 Introduction
The choice of resin for a composite material depends on the properties required of the 
component and the manufacturing process. These may be mechanical properties, 
toughness, thermal expansion, adhesion characteristics, temperature capability, 
processability, hot/wet performance, chemical resistance, flammability, smoke emission 
and electrical properties. Thermosetting resins such as polyesters, epoxies and 
polyimides are widely used as matrix materials. They offer the combined properties of 
high modulus and creep resistance because of their highly crosslinked structures, 
however they are brittle as a result and may need to be toughened. Another aspect of 
their cross-linked nature means that they possess better elevated temperature 
performance than most thermoplastic matrices.
The matrix is the means by which load is transferred to the fibres, it may prevent 
continuous crack propagation through brittle fibres and it protects the fibre from the 
environment. The bond strength between the fibre and matrix is of the utmost 
importance in the behaviour of the composite, those properties particularly affected 
include temperature and environmental resistance, longitudinal compression strength, 
transverse tensile strength, interlaminar shear strength, toughness and impact strength, 
fatigue strength, creep resistance and damage tolerance.
Thermosetting polymers are usually produced by reaction of a multi-functional resin 
with a hardener, which results in the formation of a three-dimensional highly crosslinked 
molecular network. Epoxy resins are characterised by the presence in their structure 
of the three membered ring
/ ° \
—  C  — C  —
I I
This reacts with anhydride and amine curing agents through a ring opening process which
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leads to gelling and ultimate vitrification. The matrix is made up of at least two 
constituents, the resin, the hardener and sometimes further additions to assist 
processing and to modify curing or materials properties e.g. catalysts or accelerators, 
plasticizers and thermoplastic modifiers, solvents, fillers and dyes.
3.1.2 Manufacture of DGEBA resin
Epoxide compounds were first commercially made in 1946 from bisphenol A and 
epichlorohydrin and this method is still widely used. The bisphenol A and epichlorohydrin 
are reacted together in the presence of aqueous caustic soda at slightly elevated 
temperature. The alkali catalyses the reaction to produce a chlorohydrin intermediate 
and acts as a dehydrohalogenating agent eliminating hydrochloric acid. The terminal 
group that includes the epoxide ring is called the glycidyl group and resins of the 
general formula found in Fig. 1 are formed - DGEBA (diglycidyl ether of bisphenol A). 
The DGEBA resins are all difunctional. As n is increased the distance between the cross 
links is also increased. Although the unreacted resin shows an increase in viscosity to 
solid at room temperature, with an increase in n, the cured resin is more flexible. 
Modern resins (i.e.MY720) are tetrafunctional and some are polyfunctional. These 
produce a denser network and have improved elevated temperature properties.
3.1.3 Curing Reactions
The resin may be converted to the cured state through the epoxide groups by over fifty  
different classes of chemical compound. There are two main categories of curing agent, 
the amines, either aliphatic or aromatic, and the anhydrides. These are used because 
they avoid the formation of a water condensate. The selection will depend on the 
processing conditions required and properties of the final composite. The epoxide groups 
may also react with one another and this homopolymerisation is catalysed by acids or 
bases (Lewis acids or tertiary amines).
An early class of hardener, still important today, is that of the acid anhydrides. The 
reaction scheme for anhydride depends on some hydroxyl groups being present. The
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anhydride ring must first be opened. Steps la, lb and 2 in Fig. 2 generate further 
hydroxyl groups for the continuation of the cure. The relative proportion of these two 
reactions varies with temperature, reaction 2 being favoured at the higher 
temperatures.
The curing reaction with anhydrides can be and usually is speeded up by the addition of 
accelerators e.g. tertiary amines. They assist in opening the anhydride ring and hence 
promote the esterification reaction. The curing reaction between an epoxy resin and an 
acid anhydride with and without a tertiary amine catalyst has been studied by Tanaka 
and Kakiuchi (1963) by chemical analysis and by Roush (1980) using FT-IR.
Aliphatic amines are the most versatile curing agents at room temperature as well as 
at elevated curing temperature. The crosslinking reactions are catalysed by hydroxyl 
groups. Harrod (1962) has studied their role in amine cured epoxies. They will always 
be present in small amounts upon mixing resin and hardener but may be deliberately 
introduced. Buist et al (1988) have used a radiochemical procedure to investigate the 
reactivity of basic amine/epoxy groups by using model compounds.
The effect of the different amine curing agents on the properties of the composite was 
the subject of a study by Thakkar et al (1989). They showed that flexural strength and 
interlaminar shear strength of the resulting composite were altered significantly by the 
amine structure of the hardener. The aromatic amines were shown to be superior to the 
aliphatic amines.
Fisch and Hoffman (1961) have investigated the dependence of the chemical structure 
of the cured resin on curing temperature. Experiments have also been carried out by 
Peters and Springer (1987) to evaluate the effects of cure and sizing on the bond 
strength between the carbon fibre and the epoxy. Three point bend tests of fibre tows 
were used to show that the cure temperature, the size and the degree of cure all had 
an effect.
After the cure of a resin, it often receives a 'post cure' or a further cure at higher
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temperatures designed to ensure that full cross-linking has occurred and to relieve any 
residual stresses that may be present in the composite. Even if the reactants are mixed 
in correct stoichiometric proportions, the reactions will never be able to proceed to 
completion due to the inhibition of diffusion in the gelled resin. The cured resin has 
many small 3d branches or agglomerates of moderate molecular weight material. Due 
to steric hindrance that minimizes reactions, the final size of the agglomerates is 
limited. Rotational and translational freedom is reduced thus diminishing the chance for 
primary bonds with adjacent molecules. Elevated cure or post cure increases thermal 
agitation so more can react. Post cure is designed to eliminate as much unreacted 
material as possible but some epoxy groups and anhydride or amine will still remain.
The fibre has been shown to effect the cure of the resin at the interface. Garton et al 
(1988a,b) have recently carried out a series of experiments in order to examine the 
effects of various materials including carbon fibre, on the crosslinking of epoxy resins 
at interfaces. The purpose of the work was to understand the interfacial reactions 
between the reinforcement and the matrix. The techniques used were infrared 
spectroscopy and DSC on crushed fibre/resin mixtures. They showed that with graphite 
and carbon fibre surfaces, selective adsorption of tertiary amine catalysts by oxidation 
sites affected the crosslinking kinetics and final crosslinked state of an anhydride cured 
epoxy resin. They also demonstrated that oxidised carbon surfaces initially accelerated 
epoxy-amine reactions but inhibited the later stages of the reactions such that the final 
cure was reduced. Ishida (1991) has discovered that the concentration of surface 
functional groups determines whether they will act as inhibitor or accelerator. Sellitti 
et al (1990a,b) recently verified that the functional groups on the fibre can activate 
crosslinking in the resin adjacent to the fibre using FTIR on coatings of resin on fibre 
cloth.
3.1.4 Adhesion mechanisms contributing to the fibre/matrix bond
3.1.4.1 Introduction
The main adhesion mechanisms to be considered are; mechanical bonding including three 
major mechanisms - mechanical interlocking, shrinkage pressure and frictional effects
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and mechanical stress transfer; physical bonding, chemical bonding and interdiffusion. 
These will now be considered in turn and any previous work discussed.
3.1.4.2 Mechanical adhesion
The first possible mechanical contribution may be by interlocking of the two surfaces. 
If the viscosity and surface energy of the resin are such that it can penetrate between 
the asperities and pores on the fibre surface then a mechanical interlocking effect may 
take place. There are few specific references to this aspect of adhesion in the literature 
apart from the general acceptance that intimate contact between fibre and resin is 
beneficial.
Frictional contributions to the bond arise from a shrinkage pressure of the resin at the 
interface. Crosslinking reactions release heat and are irreversible. The gel point occurs 
when the mixture has just solidified - the extent of the reaction will be 30-40% at this 
stage. Investigations into the activation energies of epoxy resins cured by amines using 
a gel point method for a measure of rate of reaction were carried out by Gough and 
Smith (1960). The crosslinking reactions are accompanied by a small increase in density 
i.e. by a limited degree of shrinkage. Lam and Piggott (1989) have investigated control 
of matrix shrinkage to reduce it to one third of its normal value by adding expanding 
monomers. Recent work by Bailey (1990) followed a similar idea.
In addition to the reaction shrinkage, thermal contraction will occur if the resin is cured 
at elevated temperature. This is usually very significant. Nelson and Morrisey (1961) 
investigated the problem of an exotherm on shrinkage and casting to close tolerances. 
Dannenberg (1965) has determined the contraction using resin coated on a thin foil strip 
and measuring the deflection during cure.
Fisch and Hofmann (1961) describe the changes in density with time during cure. They 
suggest that in order to achieve low shrinkage, the exothermic reaction should be 
controlled so that it passes the gel point at the lowest possible temperature and 
proceeds slowly so that the chemical shrinkage is always greater than thermal 
expansion. Residual stresses arising from differences in thermal expansion coefficient
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have been measured by Nakamae et al (1990) using X-ray diffraction methods. They 
conclude that the Tg is a key factor in determining the stress.
Coefficient of thermal expansion of the resin is generally measured using a dilatometer 
which assesses the linear expansion as a function of temperature. There will be two 
values, one above and one below the Tg. However, viscoelastic relaxation occurs above 
Tg. A resin post cured at Tcu will normally have a Tg at a lower temperature and the 
stress free temperature (Tgf) will often be lower than this. It is the interval Tgf -  room 
temperature which will determine the thermal shrinkage stress. Tg can also be measured 
by electrical resistivity (Lee, 1967).
The final mechanism to be considered in this section is that of changes to the stress 
transfer. The shear lag expression proposed by Cox (1952) and discussed further in 
Section 4.1 indicates that stress transfer will be more efficient if the shear modulus of 
the resin is higher. Drzal et al (1983c) remarked in their work on resin sizing for carbon 
fibre (1983c) that when a brittle interphase layer was introduced (the 'interphase1 is 
discussed more fully below) the interfacial shear strength was increased. This was 
attributed to the fact that the interphase possessed less curing agent and a higher 
modulus than the bulk resin. Garton et al (1988b) found a higher than normal level of 
curing agent at the interface and less in the interphase zone due to preferential 
adsorption at the surface. Drzal et al (1983c) carried out experiments to show that the 
shear modulus was indeed dependent on the ratio of curing agent to epoxy and 
discovered that stoichiometric proportions of the curing agent and resin resulted in the 
lowest shear modulus. Recent tests using nanoindentation by Williams et al (1990) have 
indicated that there is an interphase of lower modulus than the bulk at 100-500nm from 
the fibre and a region up to lOOnm from the fibre of higher modulus. They explain the 
increase on the basis of a mechanical effect of the stiff fibre adjacent to it.
Drzal (1990b) carried out a further series of experiments to determine the effect of the 
mechanical properties of the polymer on interfacial shear strength whilst keeping 
chemical properties constant. Different curing agents of the similar functionality but 
with the ability to form epoxies with increasing length between chains were used. The
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results showed that the interfacial shear strength could be related to the shear modulus 
of the resin as predicted by Cox. This was also shown by Asloun et al (1989a).
An alternative explanation for the effects of sizing on the improvement of interfacial 
shear strength is by Turgut and Sancaktar (1991) who have shown that the shear stress 
peak at the fibre ends in a stressed composite decreases when the interphase thickness 
is increased (i.e. application of a size). This more uniformly distributed shear stress 
along the interface makes more use of the fibre support and hence allows improved 
stress transfer.
To summarise these last points, it is evident that similar trends have been observed and 
there appears to be an 'interphase’ region up to lOOnm with a lower curing agent 
content ( either due to an epoxy coating on the fibre or preferential adsorption of the 
curing agent to the fibre surface). The interphase in some cases may have a higher shear 
modulus than the bulk and encourages stress transfer. Additionally the effect of the 
fibre may be to increase the apparent shear modulus of this zone. If there is a higher 
shear modulus near the fibre then the stress transfer will be more efficient. Also it is 
possible that a size may not only increase stress transfer by this means but also because 
of a more uniform shear stress distribution.
3.1.4.3. Physical adsorption and wetting
If the viscosity and surface energy are such that good wetting occurs and the pores are 
penetrated, not only will mechanical effects be increased but the likelihood of both 
physical and chemical bonding is enhanced.
Surface energetics of liquid resin /  carbon fibres and resin /  platinum plate have been 
investigated by Robinson et al (1987) by the Wilhelmy plate technique discussed in 
Section 2.4 (Kaelble et al, 1974b). Using the same principles they have also measured 
values of the polar and dispersive components of resin in the form of cured films 
deposited on carbon fibre single filaments. The values for liquid resin were higher and 
more representative of the bulk surface energy i.e. not effected by orientation effects 
at the matrix/air interface during cure. They concluded that there was a change in
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wetting performance as the resin cure proceeds, with an increase in the polar 
component. Also they agreed with Kaelble and et al (1974a) that optimum compatibility 
occurs between fibres and matrix which have a similar balance of dispersion and polar 
components of surface energy.
3.1.4.4 Chemical bonding
The chemical functionality of the resin has been examined principally by infrared 
spectroscopy and chemical titration methods. Special methods are required for the 
determination of functional groups for insoluble resins. Infrared spectroscopy is widely 
used but Dannenberg (1963) suggested that its precision as a quality tool was not fully 
adequate and he proposed the use of near infrared spectroscopy. The adsorption seen in 
the near-infrared region are mostly first or second overtones of the frequencies 
observed in the conventional region. The groups determined by Dannenberg were epoxies 
measured in terms of the epoxide equivalent - (the weight in grammes which contains 
one gramme equivalent of epoxy ) and the hydroxyl groups. Epoxy value is determined 
as the fractional number of epoxy groups in lOOg or 1 litre. With cure of the resin the 
hydroxyl groups were shown to increase in number and the epoxy groups to decrease. 
Chemical titration methods are well documented by Lee (1967). Fisch and Hoffman 
(1961) have determined the changes in chemistry during the cure of the resin showing 
again the reduction in epoxy groups and increase in hydroxyl groups during cure.
The interaction between oxidised carbon fibres and epoxy resin was studied by Horie et 
al (1976). They used a linear epoxy resin soluble in various solvents and exposed the 
fibre/epoxy combinations to elevated temperatures. From the weights of the treated 
fibres before and after extraction with various solvents including hydrogen bond 
breaking solvents, they concluded that both hydrogen bonding and covalent bonding 
occurred. The covalent bonding increased as the temperature of treatment and the 
amount of epoxy were increased. Escoubes (1988) used inverse gas-solid chromatography 
to demonstrate a relation between interactions with model reactives and oxidised sites.
Garton et al (1988a,b) found that there was preferential adsorption of the amine 
catalyst in an anhydride cured system or amine hardener in an amine cured system onto
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the fibre surface. Fitzer et al (1980) suggested that in a two component matrix the 
hardener acts as a coupling agent between the fibre surface and the prepolymer to form 
strong chemical bond between the fibre surface and the matrix. Barbier et al (1990) 
showed that improvements in toughness were found by grafting amines onto the fibre 
surface to produce a continuous succession of covalent bonds from carbon to epoxy. In 
Chapter 2.5 surface analytical techniques were presented which had been employed to 
identify the presence of resin bonded to carbon fibres (Waltersson, 1985a,b, Denison and 
Jones, 1988d).
3.1.4.5. Interdiffusion
The theory of interdiffusion is usually applied to polymers which can diffuse 
simultaneously across the interface. In this case it is only the resin which is diffusing. 
Turgut and Sancaktar (1991) have introduced the theory to explain their results of 
fragmentation tests on resins cured at different times and temperatures with different 
cure agent content. The resin molecules are thought to diffuse across the interphase and 
into the fibre surface substructure governed by time and temperature. They conclude 
that the intensity of molecular motion can be estimated by its viscosity under given 
thermal conditions. Increases in contact temperature, plasticization and dissolution of 
the polymer are known to increase the rate of diffusion. Increases in the molecular 
chain stiffness, the presence of strong polar groups and crosslinking are known to reduce 
the rate of diffusion while increasing viscosity (Sancaktar and Dembosky, 1986). This 
mechanism is mostly concerned with viscosity and as this property is an essential part 
of all other mechanisms we cannot consider it independently.
3.1.5 The 'interphase'
The concept of an interphase was introduced by Eakins (1969) for glass resin systems 
and extended by Sharp (1972). It was described by Drzal et al (1982, 1983d) as ’the point 
in the fibre where local properties change from the bulk properties through the 
interface to the matrix where local equals the bulk again.' His model is given in Fig. 3.
The fibre surface compared with the bulk has morphological variations and surface area,
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porosity, cracks, atomic and molecular composition may be different due to the surface 
treatment and size applied. These variations may affect the cure of the resin in the 
vicinity of the fibre (Garton, 1988a,b). Within the matrix unreacted components and 
impurities can diffuse to the interphase region altering local structure. As mentioned 
above the curing agent may preferentially adsorb onto the surface leaving an adjacent 
region low in hardener. The phenomenon has also been observed by Dibenedetto and Lex 
(1989) for coated glass in epoxy. The interphase may be a few nm to a few hundred nm 
depending on the system and the measuring technique. Ishida (1991) pointed out that 
property oriented measurements often report thicker values for the interphase than 
structure probing techniques. Finally attempts have been made to alter the interphase 
for improved interfacial shear strengths by electrodeposition (Subrumanian et al, 1990). 
Delong et al (1990) have endeavoured to observe the interphase by XPS and AES using 
a halogen marker.
A review by Wright (1990) introduces the many different uses of fibre sizes and coatings 
and their effect on composite properties considering theoretical approaches and 
experimental techniques. The subject will not be further discussed here as the fibres 
studied in the present work were unsized so that one variable may be taken out of the 
already complex problem.
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3.2 EXPERIMENTAL
3.2.1 Introduction
The aim of the resin study was to increase understanding of the role that the resin plays 
in interfacial bonding, in order to gain more insight into the mechanism of adhesion. To 
fully explore the influence of particular resin properties in each category, mechanical, 
physical or chemical, it would be necessary to vary each property independently. This 
is particularly difficult with a resin system as many characteristics are interrelated. 
After consultation with the resin manufacturers it was decided that the most effective 
solution would be to systematically change the resin /  hardener ratio and cure cycle in 
such ways as to promote a particular property change whilst monitoring the others. This 
produced a series of resins of differing structure and characteristics whose behaviour 
in adhesion was examined using fragmentation tests (see section 4.4) with samples of 
an untreated fibre (XAU) and a well treated fibre (XA100).
The following resins were used:
A Control resin - The resin used for all the work in the present study is a 
DGEBA type epoxy resin, MY750, supplied by Ciba Geigy of general 
formula shown in Fig.l where n = 0. The hardener is a tetrafunctional 
amine, HY951, of formula I-^NCI-yC l^NHCl^^CI-^N I^. The two are 
mixed in the ratio 100:12 as recommended by the manufacturers for 
stoichiometry. The system is cured for three hours at 60°C and post cured 
for two hours at 120°C. It was selected for its relatively low temperature 
cure, simple formulation and adequate strain to failure. It is also 
representative of commercial amine cured systems.
B.l Cure time reduced from 3 hours to 1 hour.
B.2 Cure temperature reduced from 60°C to 25°C.
B.3 Post cure temperature increased from 120°C.to 155°C.
B.4 Post cure time reduced from 2 hours to 1 hour.
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B.5 Addition of a diluent molecule, 10% phenyl glycidyl ether (PGE) known to 
reduce cross linking (see Fig.28, Section 2.6).
B.6 Increase in the hardener /  resin ratio from 100/12 to 100/24
Those resin systems which demonstrated a variation in adhesion properties from the 
control resin system using the fragmentation test were B3, B5 and B6. The cumulative 
frequency plots of the fragment lengths are given in Fig.4. and demonstrate a shift to 
shorter fragment lengths or a stronger bond for resins B3 and B5 with XAU ( untreated 
fibre) but not XA100 (well treated fibre). The results of a fragmentation test using resin 
with 30% PGE are also displayed to further demonstrate the effect. Also shown is a 
shift to longer fragment lengths or a weaker bond for resin B6 with XA100 but not XAU. 
No other alterations to the resin produced a change in the bonding with either fibre. 
B1,B2 and B4 were therefore not characterised.
The following properties were examined: tensile properties, shear and Young’s modulus, 
Poisson’s ratio and tensile strength (mechanical stress transfer), Tg and coefficient of 
thermal expansion (shrinkage pressure), viscosity and surface energy (mechanical 
interlocking, physical effects and chemical bonding) and functional group content 
(chemical bonding).
3.2.2 Characterisation of the resin
3.2.2.1 Viscosity measurement
Viscosity changes due to variations in the resin composition were tested using a 
'Brookfield' viscometer. The values obtained are shown in Table 1 and plotted against 
temperature in Fig. 5. The control resin data are within the range of quoted values 
published by the manufacturers. The expected decrease in viscosity with temperature 
is shown, the largest reduction noted in the pure resin itself. The addition of PGE 
noticeably reduces the viscosity of the pure resin at all temperatures. This is simply the 
effect of its own inherent lower viscosity effectively spreading out the longer chains 
of the DGEBA. The viscosity of the resin/hardener mix is much lower at low 
temperatures due to the effects of the hardener itself but at higher temperatures
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crosslinking has commenced.
3.2.2.2 Surface energy measurement
It is important to know the value of the surface energy components of the resin in the 
liquid state as it is at the moment of fabrication of the composite. Robinson et al (1989) 
have demonstrated that the results for the resin in its uncured state are not very 
different from the cured resin. Therefore in the present work surface energy terms of 
the solid control resin were determined to see if they compared with those of the fibre. 
In order to assess the accuracy of the results, the surface energy components of an 
NMA (Nadic Methyl Anhydride) cured Shell 828 resin ( of similar structure to MY750 ) 
were also measured for direct comparison with Robinson's results.
The method adopted was to obtain a series of values of contact angle of several liquids 
on the cured resin and to treat them with the graphical method of Kaelble et al 
(1974b),( described in Section 2.4) by plotting a work of adhesion function as ordinate 
versus the polar/dispersive ratio of the test liquid as abscissa. The contact angles were 
determined by means of an 'Interskill Contact Master' liquid drop reflection goniometer, 
as represented schematically in Fig. 6. The measurement technique uses the reflection 
of light from the surface of a drop of liquid placed on the surface to be tested. A light 
beam is made to impinge on the drop along the same axis as the eye, a reflection of the 
light from the surface of the drop is observed which moves down the drop as the eye is 
lowered. As the impinging light reaches the edge of the drop, there is no more 
reflective surface and the reflected light disappears. Simple geometry shows that the 
angle of the beam from the vertical is equal to the contact angle.
The liquids used for the study were hexane, formamide, ethanediol, deionised water, 
pyridine and ethanol which covered a broad range of polar and dispersive components 
of liquid surface tension. The Kaelble plots are shown in Fig.7. Values of contact angle 
and calculated polar and dispersive components of surface energy are shown in Table 
1 for the control resin system and for 828/NMA. The data for the 828/NMA system 
compares quite closely with Robinson's results although there is a slight bias towards
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the polar component. Values for the fibres tested are found in Table 2, Section 2.4. 
Based on Kaelble’s argument (discussed in the previous section) that the components 
should balance over the surface, we see that the treated fibre has no benefit over the 
untreated one and that the resin wettability is sufficient.
3.2.2.3 Determination of coefficient of thermal expansion
The thermal coefficient of expansion is measured using a dilatometer. The sample of 
resin is placed in a fused quartz tube and an indicator positioned on the top surface. It 
is then heated and the expansion followed on an elongation /  temperature trace. A 
typical thermal expansion curve is shown in Fig. 8 and demonstrates a sharp break in 
linearity in the region of the Tg. Above the Tg the thermal expansion rate increases 
more rapidly than below it.
The values of both expansion coefficients and the Tg for resins 3, 5 and 6 are given in 
Table 1. The thermal coefficients are low compared to the manufacturer's published 
data on the control system of 65x10"^ /°C which are measured using the ASTM D 696-70 
standard which states a temperature rang6 of -30°C to 30°C. Values quoted by Lee 
(1967) for cured DGEBA 3 9 x 1 0 /°C and 100x10"^ /°C are, however, of a similar order 
to the present results. The difference between the present results and the 
manufacturer's data may be due to the different curing schedules of the resins. For 
example the manufacturer's data is quoted for a three hour cure with no post cure.
PGE is regarded as a chain stopper reducing cross link density and so B5 experiences 
higher shrinkage A higher post cure increases the cross link density and B3 experiences 
a slightly lower shrinkage.
The transition temperatures are all similar and close to that represented in Lee's book 
(1967), of 106°C. The higher post cured resin has a greater value as the resin hardener 
mixture has had more energy to form a stable structure up to higher temperatures.
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3.2.2.4 Determination of mechanical properties
Standard 20 x 150 mm tensile testing coupons were tested with strain gauges attached 
in both the longitudinal and transverse directions in order to determine values of 
Young’s modulus, Poisson's ratio and tensile strength. Shear modulus,G was calculated 
from the Poisson’s ratio,v, and the Young’s modulus, E, by the following equation in 
which isotropy is assumed (McClintock and Argon, 1966)
An average value of the Poisson’s ratio was used. Strain to failure was determined from 
fragmentation tests. All measured properties are shown in Table 1.
A comparison of the data for the control resin with the manufacturer’s data shows that 
most values are lower than published. Differences might be expected due to the fact 
that the quoted values are for the non post cured system. For a post cured system, there 
will be a competition between the influence of increased cure at higher temperature and 
that of a higher Tg. The lower strengths and strains may be attributed to the samples 
themselves being of poorer quality with stress raisers etc in the surface.
Comparing the resin types themselves we see that the modulus increases for a higher 
post cure system with more cross links. There is also a slight increase on addition of 
more hardener for a similar reason.
3.2.2.5 Determination of functional group content
The functional groups of interest will be the epoxy rings and hydroxyl groups of the 
resin and the amine groups of the hardener. It was necessary to carry out a chemical 
analysis of the resin in its liquid state i.e. at the same stage of cure and at the same 
temperature as that during manufacture of the composite. The selected method was 
near infrared spectroscopy as used by Dannenberg (1963).
The absorption spectra seen in the near-infrared region are mostly first or second 
overtones of the frequencies observed in the conventional region. The major absorption
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peak for a-epoxies is at 2.205pm wavelength but there is an additional absorption band 
at 1,159pm probably due to the second overtone of a carbon-hydrogen stretching 
vibration on a carbon atom which is a member of an oxirane ring. This latter peak at 
1.159pm was used because it could be monitored at the same time as the hydroxyl bands 
(see later) despite the necessity to sketch a background to negate the effects of two 
other bands in close proximity (CH3 and aromatic CH) (Dannenberg, 1963).
A light path of at least 10mm was required for sufficient intensity and as the resin was 
to be tested in its liquid state up to gel point, special disposable cells, 10mm x 10mm 
in cross section were used. Resin and hardener (+ additive if necessary) were mixed in 
the correct proportions, and immediately transferred to the cells to be analysed. If 
heating was required then the cell was placed in a small holder connected to a constant 
temperature water bath. The control system was tested immediately after mixing and 
at 5, 10, 20, 30 ,40, 50, 60 and 120 min after gelling at 60°C to see the changes taking 
place during curing. The effects of addition of hardener and PGE to the control resin 
(B5 and B6 resins) were evaluated at room temperature only.
In order to obtain a direct measure of the epoxy value from the spectrum, first a 
background is sketched to remove the effects of the nearby peaks (Dannenberg, 1963). 
Fig. 9 shows the spectrum of the diglycidyl ether of bisphenol A in the 1.1 to 1.5pm 
region; below the epoxy band at 1.159 pm the background has been sketched in as a 
broken line and Dannenberg's suggested method of evaluation indicated. A straight line 
relationship was found by Dannenberg for a series of resins of known i.e. chemically 
determined, epoxy content and the peak height, Aj as determined in Fig. 9. This 
relationship was found to be
3 Ox A, mo
Epoxy v a l u e = ----, ■ 59 + 1.89   3 . 2 .2
b
in units of equivalents per litre, where b is the light path, 10mm.
Results of the analyses of the control resin and resin B5 and B6 are displayed in Table
1. A value is also given for the 60°C run at gel point for resin A, although due to
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contraction of the resin at this point the path length may not have been exactly 10mm. 
The method was not, however, accurate enough to discern a difference between this and 
further cure. A different method would be needed for the solid resin.
It is not possible to measure the number of hydroxyl groups directly as these are present 
in a number of hydrogen-bonded forms giving no precise absorption bands. The hydrogen 
atom of the hydroxyl group can also be partially bonded to the oxygen atom of adjacent 
oxygen or other polar groups. Hydrogen bonding may occur intra- or intermolecularly. 
The bands due to free and hydrogen - bonded hydroxyl groups vary in intensity and 
wavelength.
Dannenberg used isosbestic points to determine the hydroxyl values. These are points 
where absorption was independent of the concentration of the intra - arid 
intermolecularly bonded forms. The hydrogen bonds are shifted by elevated 
temperatures and allowed to reform during cooling. A series of spectra are taken during 
cooling and the isosbestic point is independent of cooling time. This is shown in Fig. 10. 
For the resin used in these tests the isosbestic point was found to be 1.45pm, close to 
the 1.456pm found by Dannenberg for 828 resin. In order to obtain this value the resin 
was cooled from 20 deg C above the melting point, which in this case was close to room 
temperature and cooled to solidification (this necessitated surrounding the sample with 
ice).
Once again a relationship used by Dannenberg was adopted for the calibration of the 
results
H y d r o x y l  V a lu e  = A l ' *5 Abackgzound _ jl.18..................................3 . 2 . 3
0 . 1483Jb
units in equivalents per litre.
Results for the control resin after mixing and at gel point and for resins B5 and B6 are 
found in Table 1 along with values determined by Dannenberg for 828/amine cured resin 
at the start of the reaction and after 48 min cure. These latter are very similar to the
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results for the control resin at the start and at gel point. It is observed that the OH 
value increases and the epoxy groups decrease as the cure begins. No difference was 
observed in the number of functional groups available with the addition of PGE, however 
an increase in the amount of hardener appeared to decrease the remaining functionality, 
both epoxy and OH~ groups. This may be due to the increased reaction within the resin/ 
hardener system.
3.2.2.6 Density measurement
Density is a simple property to measure and may aid interpretation regarding cross link 
density and chain mobility. Cross link density is defined as the number of effective 
cross links per unit volume and the more dense the resin the more tightly bound will be 
the structure. In the DGEBA (n = 0), the epoxy groups are separated by seven units (the 
aromatic ring being counted as one unit). This leads to a rigid formation. Alterations to 
the stoichiometric ratio of resin to hardener or other additives will affect the number 
of cross links formed and the spacing between them.
The method adopted to study the density was a basic approach using Archimedes's 
Principle. A sample of the resin to be tested was suspended by a cotton thread from a 
microbalance and the weight recorded. The sample was then lowered into a beaker 
containing a) isopropanol and b) water. The two liquids were used for comparative 
purposes although it was felt that a) would produce more accurate results as it has a low 
surface tension and tends to spread easily. The following measurements were made: 
weight of cotton thread , c, weight of cotton plus resin, W2 + c , weight of resin plus 
cotton submerged, Wj + c (corrected for cotton being partially submerged). If it is 
assumed that on submerging the resin in the liquid it experiences an upthrust W2~Wj due 
to the displacement of a volume of liquid equal to that of the resin, then
w2-wx Pj
where pr and pj are the densities of the resin and liquid respectively. From the density 
of the liquid and the measurements above, the density of resin could therefore be
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calculated. Values determined for A, B3, B5 and B6 are shown in Table 1 (only the more 
reliable isopropanol data is presented) together with the manufacturer’s data. The 
control resin values are just a little higher than that quoted for the non post cured resin 
in the manufacturer’s data. We observe an increase in density with a doubling of the 
hardener due to increased cross linking (but tripling the hardener content was found to 
reduce the density once more which suggests that there is an excess). An increase in 
density is found for a higher temperature post cure, again due to higher cross linking. 
There is no apparent change with addition of PGE and this is also reflected in the 
mechanical tests where no change was observed in the modulus.
3.2.3 Discussion
3.2.3.1 Summary
It has been shown that the addition of a diluent, PGE, to the control resin reduces its 
viscosity, increases its thermal expansion coefficients and increases the interfacial bond 
with an untreated fibre. There is no change with the treated fibre. A higher post cure 
temperature increases the Tg whilst slightly reducing the thermal expansion coefficients 
and increasing the moduli. This resin also shows increased interfacial bond strength with 
an untreated fibre but not with the treated fibre. Finally, an increase in the hardener 
content reduces the thermal expansion coefficients slightly, the number of functional 
groups available for bonding with the fibre and the interfacial bond with the treated 
fibre only.
3.2.3.2 Mechanical interlocking
We can investigate this by use of the Washburn equation (1921) which in its simplest 
form for horizontal capillaries is as follows
2 _ l?Yjv (cos0e) t
x * = — — ------------ — .................................. 3 . 2 . 52tj
where x is the distance of penetration, R the radius of the capillary, r) the viscosity 
of the fluid, ylv the surface tension of the liquid, 0e is the equilibrium contact angle
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and t is the time taken to penetrate x.
Taking typical values for the HG9101 resin of 55mN/m for ’adhesion tension’, yjv cos0, 
from Robinson et al’s paper (1987), a viscosity of about 0.1 Pas, a pore radius of lnm 
and a time for penetration of 10 min, a value of distance of penetration of 0.17pm is 
calculated. For a resin of lower surface energy, higher contact angle and higher 
viscosity there may be a problem of pore penetration. There is a delicate balance 
between these properties and the way in which they change with temperature and 
progression of cure. It is sufficient to say that the viscosity must have the greatest 
effect and it is only that which will be considered here. There is a possibility that the 
improved bond of PGE modified resin to XAU may be partly due to the viscosity 
reduction. XA100 is not affected and this could be due to the large pores (radius R) on 
its surface already accepting resin with lower viscosity.
3.2.3.3 Shrinkage pressure and frictional effects
In order to investigate the thermal expansion mismatch between the fibre and the resin, 
the residual clamping pressure on the fibre, qo, that results from a cooling differential 
of AT is (Butler et al, 1990, Vedula et al, 1988)
go = [Ez (a  m- a {z) +Ez (a m- a f r ) ] A r........... 3.2.6
where a m is the thermal expansion coefficient of the matrix and ctfz and ctfr are 
respectively the axial and transverse thermal expansion coefficients of the fibre. The 
effective axial and transverse elastic moduli, Ez and Er are given by
Emk  E„
E7 = — J2-....3.2.7 Er - — - ....3.2.8
2 a 1 v f
for a low volume fraction system where a = Em/Ef (Young's modulus of the matrix 
/Young’s modulus of the fibre), vm/f is the Poisson's ratio of fibre or matrix and k is 
defined as
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Ez and Er should only be considered to be parameters estimating the contributions of 
moduli in each direction in the interphase zone. They have been derived from 
expressions by Vedula et al (1988) solving the stress state in a thick walled cylinder 
model and converted to the present form by Butler et al (1990). The model assumes an 
elastically isotropic but thermoelastically anisotropic media. This is in fact not accurate 
for carbon fibre which is also elastically anisotropic, however, the effect is considered 
to be negligible and will not be taken into account in the present work.
The value of T will be the temperature difference between the stress free temperature, 
Tsf, and room temperature as discussed in Section 3.1. In practice Tsf is taken to be Tg.
When measuring the coefficient of thermal expansion it was observed that the resin was 
considerably darker in colour indicating more cross linking. Therefore values would be 
slightly different from those during the first curing schedule. Also, cool down from cure 
may not be under equilibrium conditions and therefore the stresses above Tg may not 
be relieved before the temperature is too low and they are locked into the system. To 
take account of the shrinkage above Tg, an adaptation of the above expression is
q o * = Ez [ ( a ml- a fz) A T l + ( a m2- a fz)A T 2 ]  +Er [ ( a ml- a fz) L T 1 + (a^-afr) AT2]  .
..............3.2.10
where a mj /2 are the coefficients of thermal expansion above (1) and below (2) the Tg, 
ATI/2 are the cooling differentials 1- from the temperature of post cure in each case 
to the Tg and 2- from the Tg down to room temperature. Parameters, qo and qo are 
both given in Table 1 for A, B3,B5 and B6 calculated using values of Em = 3 GPa, Ef = 
230GPa, Vf = 0.2, vm = 0.4, a fz = 8 and a fr = 0.
The shrinkage stress, qo (or qo ), is related to the interfacial shear strength, tj, if 
frictional stress transfer only is assumed
Ti = 3 .2.11
where p. is the coefficient of friction (see Section 4.1). Values of xj are calculated from 
the fragment lengths in the fragmentation tests by a modified version (Henstenburg and 
Phoenix, 1989) of the Kelly/Tyson model (1965). This will be discussed further in section 
4.4. A graph of Xj versus qo and qo for XAU in the four resin types is shown in Fig.
jj
11. There does not appear to be a linear relation with qo but Xj versus qo fits a straight 
line. This seems to suggest that the mechanism of adhesion for untreated fibres is 
strongly influenced by a mechanical effect of shrinkage pressure of the resin.
Linear regression of the points can yield a value of the coefficient of friction 1.89 for 
qo and 1.39 for qo , the latter being the more reliable as it is generated from a straight 
line plot. This is very high and reasons for this will be discussed in Section 4.3.
If it is considered that there might be a chemical bond formed with the treated fibres 
and resin then the shrinkage pressure would not have a significant influence as it does 
when the bond is not present.
3.2.3.4 Mechanical stress transfer
The only resin type to show a change in moduli is B3. This resin induces a stronger bond 
for the XAU fibre as might be expected from the Cox model (1952) and Drzal's work 
(1990b). However, if this were so, there is no reason why the treated fibre system does 
not respond in the same way. In fact the Cox model assumes a perfect bond which is 
more likely to be the case with the XA100 compared to the XAU. It may be that there 
is no significant change in modulus close to the treated fibre because of the influence 
of the fibre on resin cure.
3.2.3.5 Physical and Chemical contributions
It was established in Section 3.2.2.2 that there was no significant contribution of 
wettability to the bond.
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The only resin which has less functionality compared to the control resin is B6 and the 
difference is not great. This resin shows reduced bond strength with XA100 but has no 
influence on XAU adhesion. This may be an indication that the reduced number of epoxy 
groups available for bonding with the fibre induce a weaker bond at the interface. This 
would be the case if treated fibres bond chemically to the resin and the untreated fibres 
do not. There is also the possibility that a weak interphase layer has formed with an 
excess of hardener by preferential adsorption to chemical groups on the treated fibre 
surface.
3.2.4 Conclusions
Resin properties have been altered, the resins characterised and the effect of the 
changes on the adhesion to carbon fibres established by fragmentation tests.
In summary it appears that there are two very different mechanisms of adhesion 
working for the untreated and treated fibres respectively. Varying resin properties so 
that the shrinkage pressure on the fibre is increased improves the bond strength with 
untreated fibres but not treated fibres.
It is possible also that a lower viscosity increases the bond strength of XAU in resin by 
increasing mechanical interlocking. A higher shear strength may additionally be 
encouraging a higher bond strength for the untreated fibre due to better stress transfer. 
On the other hand a reduction in the functionality of the resin or the creation of a weak 
interphase layer reduces the bond strength of a treated fibre resin composite. This tends 
to suggest that the untreated fibre relies on a mechanical effect of frictional drag to 
prevent it from debonding. After oxidation the fibre is able to react chemically with the 
resin in some way.
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A B3 B5 B6 MY
750
828/
NMA
Pub.
Data
T. XAU 
(MPa)
14.1 23.1 15.6 14.1
T| 22 * C 
(Pas)
2.0 (5.0)
no
HY951
0.8 40.0 2.0
tl 40 * C 0.6 (0.3) 0.6 1.0 0.6
T| 60 # C 0.1 (0.04) 0.1 0.15 0.1
Y Polar 
mJm'2
12.3 12.5 (8.5)
828
NMA
y Disp. 21.0 20.0 (26.3)
Total 33.4 33.0 (34.8)
G
(GPa)
1.02 1.38 1.06 1.13
E (GPa) 2.9 3.9 3.0 3.2 3.7
a (MPa) 52.5 50.0 52.6 48.0 80.0
6 % 2.9 3.6 3.6 4.0 3.5
n 0.4 0.44 0.38 0.44
a <Tg 
• c-1 io‘6
37.0 30.0 45.0 36.0
a >Tg 
• c-i iQ-6
95.0 90.0 100.0 86.0
Tg °C 108.0 134.0 110.0 110.0
qo (MPa) 7.50 9.97 9.91 8.32
*qo
(MPa)
10.3 15.1 12.5 10.6
Epoxide
eq/l
5.50
(4.3)
gel
5.50 4.90 5.40
(3.99)
OH' eq/l 1.10 
(1.7)
1.10 0.97 .56
(1.54)
Density
gem'3
1.21 1.23 1.21 1.23 1.19
Table 1. Properties of the control resin and modified resins
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4 STUDY OF THE INTERFACE
4.1 STRESS TRANSFER
If a polymer composite body containing stiff uniaxial discontinuous fibres is extended 
in tension, the axial elastic displacements in the fibre and matrix are different and so 
shear strains are produced at the interface. The strains and resultant shear stresses are 
the means by which the loads supported are distributed between fibre and matrix.
Cox (1952) presented an analysis for the case where both fibre and matrix are in the 
elastic state. Two assumptions were made:
a. a perfect bond exists between fibre and matrix
b. lateral contraction of the fibre and matrix are equal.
He considered a fibre of length L embedded in a matrix subjected to an applied load. 
The transfer of the load from the matrix to the fibre may be defined
where i> is the displacement if the fibre is present, vis the displacement if the fibre is 
absent, P is the axial force in the fibre and H = (2irG/ln(b/a) where a is the mean fibre 
radius, b is the mean radius of the cylinder of matrix and G is the shear modulus of the 
matrix.
Subsequent analysis evolves the distribution of tensile stress in the fibre as
4^ = H ( d - v )dx 4 . 1 . 1
coshp ( -^--x)
4 . 1 . 2
coshP-j
9 iwhere p = (2G/E^a ln(b/a)) , Ef is the fibre modulus, Em is the matrix modulus and em 
is the matrix strain.
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The variation of shear stress along the fibre matrix interface is obtained by considering 
the equilibrium of the forces acting onxdn element of a fibre
xi  = - ——   4 . 1 . 3
2na  d x
From Eqn.s 4.1.2 and 4.1.3 the shear stress distribution is given by
sinhp ( ^ - x )
] -------------------  4 . 1 . 4
2Ef l n (  — ) coshP —
a 2
This shear stress has a maximum value at the fibre ends and a minimum at the centre 
of the fibre. The tensile stress builds up from the ends to the centre of the fibre. The 
variation of o and xj with distance along the fibre is shown schematically in Fig. 1. The 
analysis of Cox has become known as the shear lag principle.
Outwater (1956) presented a theory for the specific case of reinforced plastics. It was 
proposed that any relative movement between the matrix and fibre was resisted by the 
friction component of radial pressure from shrinkage stresses in the resin. From Eqn.
4.1.3 but taking pn as xj, a linear variation of stress along the fibre is found up to a 
maximum at x
x = - ^ ~ ..............................4 . 1 . 5
2[xn
where p is the coefficient of friction and n is the radial pressure.
Further approximate analyses based on similar principles to the Cox model were then 
developed by Dow and Rosen and these are discussed by Kelly (1973).
Kelly and Tyson (1965) went on to present an analysis for a system in which the matrix 
failed by yield. The particular matrix considered was copper which has a very low yield 
stress. The Tresca yield criterion was applied which states that plastic flow will occur
when the shear stress exceeds a critical value.
From Eqn. 4.1.3, considering xj as a constant along the interface, the stress distribution, 
o, is given by
a
which is the same expression as Eqn. 4.1.5 for Tj = pn. The variation of a and Xj with 
distance along the interface is shown in Fig.2. Outwater's model relies on friction and 
Kelly’s on matrix yield but stress distribution in each is equivalent.
As shown in Fig. 2, the tensile stress builds up in a linear manner from the ends of the 
fibre over a distance which is known as the transfer length. When a sufficiently high 
stress has been transferred to the fibre in order to fracture it (i.e. the stress is equal 
to ot, the failure stress) then the transfer length is referred to as the critical length lc. 
Therefore we can say that
The predictions made by Kelly and Tyson regarding the critical length agreed closely 
with those by Spencer (1965). Practically, however, the critical length, involving fibre 
failure is not as important as the transfer length. This is due to the fact that on 
application of stress to continuous fibre composites, the fibres do not reach ot before 
the matrix fails.
Piggott (1966) went on to derive a plastic fibre strengthening theory to take into 
account elastic and plastic effects in the matrix combining the work of Kelly and Tyson 
(1965) and Cox (1952). He proposed a model in which the plastic effects near the fibre 
ends and the elastic effects far away from these ends were taken into account. The 
stress distributions along the fibre are shown in Fig.3.
Amirbayat and Hearle (1969) considered three cases of interface adhesion: no bond, a 
perfect bond and an intermediate situation. Since then, several theoretical treatments
have been developed (Whitney and Drzal, 1987, Lhotellier et al, 1988). Aveston and 
Kelly (1973) advanced the model of load transfer in the neighbourhood of a matrix crack 
and derived concise expressions for the matrix cracking strain using energy balance 
principles. This model is, like the Cox model, referred to as shear-lag. Piggott continued 
with his investigation of the reinforcement process (1980) and produced expressions for 
stress transfer in composite with metal, polymer and ceramic matrices.
The analysis of Cox, in common with all shear lag models, presents an expression for 
Tmax> t i^e maximum shear stress, at the fibre ends. Strictly this is not physically 
reasonable since shear stresses cannot exist at a free surface and Fig.4 shows the most 
likely distribution. Whitney and Drzal (1987) predicted that the peak value of interfacial 
shear stress would actually be at a small distance from the broken end of the fibre. This 
was also proposed by Carrara and McGarry (1968) using finite element analysis. More 
recently, Melanitis et al (1989) have demonstrated this experimentally by Raman 
spectroscopy. Very recent work using finite element methods and photoelastic studies 
suggests that the peak is approximately one fibre diameter below the surface but is 
about the same value as if it were at the surface (Desaeger, 1991).
The most comprehensive analysis to date is by McCartney (1989) who has carried out 
theoretical modelling of stress transfer between fibres and matrix in uniaxially 
reinforced composites. The model is applicable to many areas of composite modelling. 
Chiang (1991) discusses the effect of bonded ends on stress transfer.
Generally, experimentalists have not applied these analyses to their results and the 
original Kelly/Tyson model is often used to quantify results from single fibre composite 
tests. Recently, the problem was addressed by Verpoest et al (1990) who present a more 
complete micromechanical analysis of stress transfer which they propose may be used 
more reliably in the fragmentation test. The resultant model is similar to that of 
Piggott (1980) as it considers a partially elastic situation.
Some experimental work has been carried out to explore the stress distributions. 
Schuster and Scala (1964) investigated elastic effects in a matrix incorporating AI2O3
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whiskers by a study of the photoelastic stresses. Tyson and Davies (1965) took a model 
fibre composite ( aluminium alloy bar in resin) and used this technique to examine the 
shear stress models of Dow and Cox. They showed that high shear stresses exist near 
the fibre ends, peaking to values greater than those predicted by theory. Allison and 
Holloway (1967) employed a similar method and continued to model stress distributions 
around a fibre embedded in a matrix. For a single glass filament composite McGarry and 
Fujiwara (1968) have developed a technique to measure stress in the fibre itself, taking 
into account the contribution from the resin surrounding the fibre.
A recent advance in our understanding has developed from the use of Raman 
Spectroscopy to study stress transfer. Resonance Raman Spectroscopy was first used to 
study the vibrational modes of PDA (polydiacetylene) fibres and their dependence on 
strain (Galiotis et al , 1984). It was proved possible to measure axial strain in a single 
fibre embedded in resin, by observing shifts in the frequency of a given vibrational mode 
which were found to be dependent on strain. In this way the fibre would act as an 
internal molecular strain gauge. From these studies information can be drawn on the 
stress transfer at the interface when the fibre is embedded in resin forming a model 
composite. The general shape of stress build-up in a fibre from the ends can be traced. 
It appears (Melanitis et al, 1989) that the tensile stress distribution is similar to that 
predicted by Cox at the centre of the fibre with a linear Kelly type transfer at the fibre 
ends after debonding. A typical strain distribution as measured by this technique is given 
in Fig. 5.
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Fig.4. Shear stress distribution at a bonded fibre interface showing the peak 
stress at a small distance from the end of the fibre.
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Fig.5. Strain distribution along the fibre during stress transfer as determined 
by Raman Spectroscopy (Melanitis et al, 1991)
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4.2 EXISTING TECHNIQUES USED TO STUDY 
FIBRE/MATRIX ADHESION
4.2.1 Introduction
A number of methods have been used in an attempt to quantify the strength of the 
adhesion at the interface. The tests will be divided here into three main categories and 
most are shown schematically in Fig. 1. The first category groups together all test
methods using laminates with a high volume fraction of fibre, push-out or micro­
indentation, short beam shear, (+ 45)s tensile, Iosipescu shear, DMA, ultrasonic methods 
and thermal acoustic techniques.
The next two groups include single fibre techniques (i.e. very low volume fraction), 
those tests in which only the elastic and surface properties of the fibre and matrix are 
involved and those which are also dependent on the strength of the components. The 
former may be tests employing interfacial rupture via compression or fibre pull-out. 
The second includes fragmentation tests, fibre crack interaction and bending forms. The 
tests have been reviewed by Favre (1989), Gray (1983) for cementitious materials, Drzal 
and Franco (1991a), Franco et al (1991) and also by Narkis et al (1988) who consider the 
problems associated with each test. Some of these will be discussed below.
4.2.2 Laminate techniques
4.2.2.1 Micro-indentation
In situ measurement of the debonding strength of real composites was first suggested 
by Mandell et al (1980). The test involves recording the normal force required to 
produce debonding of a particular fibre, during compressive loading of a fibre or group 
of fibres on a polished specimen surface. An analysis which could determine the 
interface strength from this is required and typically finite element solutions based on 
either a maximum interfacial shear stress criterion (Mandell, 1986) or a maximum radial 
tensile stress criterion are used.
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When the micro-indentation technique is applied to thin specimens, the force to debond 
as well as to push the fibre out can be measured (Netravali et al, 1989a). Marshall and 
Oliver (1987, 1990) have used this method to measure the inter facial properties and 
residual stresses in ceramic composite materials. The push-out technique has been 
modelled by Singh and Sitcu (1991).
The test has developed very rapidly from its conception. Tse and co-workers at the Dow 
Chemical Company (Tse, 1985, Lehmann et al, 1986) have developed the Interfacial 
Testing System (ITS) which is fully automated and designed to be used for quality 
assurance outside the research laboratory. However, there is some concern over the 
validity of the data reduction scheme and in the practical operation of the apparatus.
4.2.2.2 Composite shear tests
A commonly used shear test is the interlaminar shear strength (ILSS) test which uses a 
three-point flexure specimen. It has been widely adopted as a measure of interfacial 
shear strength to determine changes in surface properties of the fibre. As discussed by 
Narkis et al (1988), the ILSS should not be considered a material parameter due to the 
dependency on fibre volume fraction which is not taken into account. The test promotes 
a mode II fracture involving both matrix and interface and therefore is volume-fraction 
dependent. Peters and Springer (1987) have used a similar test on bundles of fibres in 
resin.
The (+ 45)s tensile test and the Iosipescu test are described in Drzal and Franco’s review 
(1991a) and are common methods used to determine in-plane shear characteristics. 
Nakao and Yamashita (1986) have developed two novel tests, a shear strength and peel 
test to determine bond strength. Peters (1989) has extended his existing analysis of 
multiple cracking in the transverse ply of a cross ply laminate to determine the tensile 
bond strain to failure. He uses data from a single specimen and extrapolates data from 
a Weibull fracture strain distribution. This involves mode I fracture.
4.2.2.3 Indirect test methods
Several indirect methods have been employed to study the interfacial reaction between
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the fibre and the resin. Ko et al (1982) and Perret et al (1987) use a technique involving 
dynamic mechanical analysis (DMA). Another method has been proposed using ultrasonic 
wave attenuation (Yuhas et al, 1988).
4.2.3 Single fibre techniques
4.2.3.1 Interfacial rupture via compression
The shear and tensile debond methods developed by Mooney and McGarry (1959) and 
Broutman (1970a,b) have virtually been abandoned due to the difficulty of test specimen 
preparation and interpretation of data.
Pull-out techniques involving pulling a fibre from a matrix were developed by Shirayeva 
and Andreevskaya (1962) for glass fibres in resin and adapted for carbon fibres by Favre 
and Perrin (1972). Adhesion shear strength was calculated from
on the load/displacement curve, L is the embedded length and d is the diameter of the 
fibre.
The test has been improved over the years and extended to other reinforcement systems 
(Favre and Merienne, 1981, Penn et al, 1985). Piggott et al (1982, 1987a, 1987b) and 
Chua and Piggott (1985a,b,c,d) investigated various mechanisms contributing to the 
pull-out force and parameters in the pull-out process.
Emadipour et al (1982) used a pull-out technique to study the hydrothermal stability of 
interfacial bonding of glass in resin with different curing agents. Environmental 
resistance in glass fibre/resin systems was also studied by Jarvela (1985). An
4.2.3.2 Pull-out tests
4 . 2 . 1
where P is the load required to pull the fibre out of the resin and is the highest point
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experimental method to measure the energy release rate of the debonding process was 
developed by Betz (1982). He recorded the progress of crack propagation by 
photographic means. Experimental and theoretical studies were also carried out by 
Stang and Shah (1986) on similar brittle materials. Silicon carbide composites have been 
investigated by Bright et al (1991a,b) using pull-out and push-out tests.
Miller et al (1987) introduced a microdebond test which involved displacing a small drop 
of hardened resin from a fibre. It avoided problems of a resin meniscus creeping up the 
fibre and ensured that the embedded length was low. Gaur and Miller (1990) also used 
this test to study the effect of surface heterogeneity of the fibre on the variability of 
the results and found that near neighbour sites were less varied than those widely 
separated. A recent analysis by Scheer and Nairn (1991) of the stresses in the microdrop 
debond specimens generated a failure criterion based on energy release rate.
Pitkethly and Doble (1989) have developed a technique based on the method of Desarmot 
and Sanchez (1984). It consists of attaching the upper end of a fibre (whose lower end 
is embedded in resin) to the top grip of a tensile tester by solder on an adapted 
soldering iron. The contraction of the cooling soldering iron pulls the fibre out of the 
resin. This method ensures that the pull-out force is applied without any shock loading. 
The length of the embedded fibre is measured using an SEM.
The pull-out technique for measuring interfacial properties is not without its problems. 
Some of these are addressed by Drzal and Franco (1991a). Due to the fineness of the 
fibres tested there are often problems associated with fibre fracture before pull-out and 
the necessity to keep free fibre lengths and embedded lengths as small as possible. In 
those tests which require measurement of the embedded length by SEM, a meniscus of 
resin on the fibre is used to locate the point where the fibre emerges from the resin and 
this may lead to errors of interpretation. In the microdedond test the microdroplet is 
thought to have considerably different properties to those of the bulk resin and the 
stress state is difficult to assess. Another inherent problem associated with such small 
samples of material is that of variability along the length of the fibre and from fibre 
to fibre in the same tow (Gaur and Miller, 1990).
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A major problem with the pull-out test is that interpretation of the results to find 
adhesion properties is not easy. Two different approaches have been developed to 
analyse debonding of the fibre, one in which the maximum shear stress is considered and 
the other based on fracture mechanics, treating debonding as fracture propagation. Both 
are based on a shear lag approach to the problem by considering a load applied to a 
fibre embedded in a coaxial cylindrical shell of matrix.
The interface stress along a partially embedded fibre is not constant. There is a stress 
concentration at the point of entry as discussed in Section 4.1 and the stress 
redistribution as the debond propagates is difficult to evaluate. The shear stress 
criterion is based on the assumption that debonding takes place when the maximum 
stress at the interface reaches a critical value. A relationship between fibre/matrix 
interfacial shear stress and embedded fibre length in a pull-out specimen has been 
developed by Greszczuk (1969) using the assumptions of the shear lag theory. The result 
of his analysis is an expression for the maximum shear stress at the interface. If the 
load is such that t max is equal to the shear strength of the interface then the fibre will 
debond.
When a fibre is partially debonded, compressive stresses due to resin shrinkage and 
difference in thermal expansion coefficient of fibre and matrix act on the fibre giving 
rise to friction in the debonded zone. The influence of friction on fibre debonding is 
very important and is seldom included in analyses. Lawrence (1972) continued with the 
shear stress approach to include the effect of frictional forces (constant friction rather 
than Coulomb friction) to differentiate between catastrophic and non-catastrophic 
debonding and Laws (1982) has further extended the analysis. Takaku and Arridge (1973) 
do not consider the contribution of frictional resistance forces acting over a debonded 
portion of fibre-matrix interface, in their derivation of the relationship between the 
maximum load required to cause debonding and the embedded fibre length. However, 
they have considered the resistance offered by frictional forces at the interface to the 
fibre pull-out after complete debonding has occurred and the effect of Poisson’s 
contraction of the fibre.
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Bartos (1980) has developed a graphical interpretation of the pull-out test based on a 
similar principle. Shear force per unit length is used rather than shear stress in order 
to avoid consideration of the reinforcing fibre perimeter. Recently, Pitkethly and Doble 
(1989) have used an extension of Greszczuk’s theory to analyse their results in terms of 
the maximum inter facial shear strength.
Gray (1984a) reviewed some of the above theories and summarised his results in three 
principal areas. Firstly, he states that there are two types of resistance to fibre-matrix 
interfacial debonding: adhesion or elastic bonding and frictional resistance to slipping.
He goes on to discuss the effect of the embedded length on the mixture of these two 
phenomena and finally explains that there are two ways of interpreting the data 
generated from the tests in terms of the pull-out load/displacement curves or the pull- 
out load/embedded length plots. After testing various theories by experiments on steel 
fibre-cement composites (1984b) he concluded that Laws’ theory was the most 
appropriate at that time for the materials tested.
An analysis by Banbaji (1988) tested the effect of normal transverse stress on the pull- 
out force and he found that the shear strength of the interfacial bond was dependent 
on the normal stress and also on the embedded length.
Most of the recent work on the shear strength theory has been by Hsueh, who has 
published several papers on the theories of pull-out and push-out (1986) covering many , 
aspects, for example coatings (1989a) and bonded ends (1989b). He has developed a 
rigorous solution for debonding and pull-out based on the maximum shear strength 
criterion (1988, 1990a,b) which considers friction in the debonded region and the effects 
of Poisson contraction of the fibre. He bases the model on progressive stable debonding 
and it is shown to fit previously published experimental data. Tsuda et al (1991) have 
employed Hsueh’s model to calculate parameters for a SiC/glass system but it requires 
complicated numerical methods. A more simple recent model assuming constant 
interface friction has been developed by Karbhari and Wilkins (1990).
109
An alternative approach to the pull-out problem is based upon fracture mechanics: 
treating debonding as a particular fracture propagation problem - a crack propagating 
along the interface. This approach is characterised by the assumption that the 
propagation of the debonding zone requires a certain amount of energy. The energy is 
characteristic of the bond between the fibre and the matrix and is thus proportional to 
the magnitude of the increase of the debonded zone.
Gurney and Hunt (1967), Outwater and Murphy (1969) and Stang and Shah (1986) have 
considered fracture mechanics formulations using the well established compliance 
equation in which Gjc, the strain energy release rate or the debonding toughness , is 
given by
Gic = ^ - - ^ ............................... 4 . 2 . 2
1C 2 dA
where is the critical debonding load and A ( =2urL) is the debonded area, L being 
the debonded length andr the radius of the fibre. An exact solution for the compliance 
( as a function of debonding depth ) is not available (although a more general solution 
has been sought by Morrison et al (1988)). Using an approximate analysis for compliance, 
these authors have shown that the critical debonding stress, a^, is
«  -  P d  -  9( J j  —  — — 2
trr
Q
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A study of friction in the debonded zone has been carried out by Cook et al (1989) who 
investigate the stick slip behaviour of a fibre pulling out of a matrix. Bowling and 
Groves (1979) developed a model in which the debonding of a fibre of embedded length 
greater than a certain critical length occurs by the progression of a plastic yielded zone 
along the fibre at constant debonding load. Frictional effects were included in this 
analysis but only approximately.
Other authors have used the relation between strain energy release rate and stored 
elastic energy in their estimation of the debond toughness which effectively produces 
the same result as Eqn. 4.2.3.
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Typically this has been demonstrated by Kendall (1975), Kawata et al(1978), Wells and 
Beaumont (1985), Gao (1987), and Penn and Lee (1989) and to a certain degree by 
Piggott (1987b,c), although he has not equated the change in stored elastic energy in the 
differential form and thus produces a different solution. Only Gao has considered the 
effects of friction. Contributions were considered in each model from the fibre and the 
matrix but mostly only in the bonded region. Very few considered energy stored in the 
debonded zone during pull-out.
Gao et al (1988) have since produced a new fracture mechanics-based debonding 
criterion which includes frictional stresses at the interface and the effects of Poisson's 
contraction of the fibre. The model has since been adapted to include the energy in the 
debonded and the bonded zone and the effect of bonded ends (Zhou et al, 1991). Sigl and 
Evans (1989) have treated the pull-out problem as it applies to fracture of composites 
in a similar manner. Leung and Li (1990b) have considered a two way debonding 
criterion.
Butler et al (1990) developed an experimental approach using ceramic composites which 
they have analysed using Gao et al’s model. They fitted the data using a non-linear least 
squares analysis. However, despite finding that the model did not fit at low embedded 
lengths they refitted the data in an alternative way to bypass the problem.
A similar model to that of Gao et al has recently appeared by Hutchinson and Jensen 
(1991) who consider single fibres and arrays of fibres embedded in a matrix. The main 
similarity is that it combines Coulomb friction with the effect of Poisson's contraction. 
However, Hutchinson and Jensen's model also includes pre-stress in the axial direction. 
The analysis is difficult to interpret and not readily applied to experimental data.
Kerans (1991) has produced an analysis of pull-out and push-out. The principles of the 
treatment are similar to those of Gao et al but residual axial strain from thermal
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contraction and surface roughness effects are taken into account. The model becomes 
identical with that of Gao et al in the infinite matrix limit and zero residual axial strain 
cases. However, in order to fit the model to experimental data it is necessary to carry 
out non linear regression.
The conflict between the two approaches to the debonding problem has been the subject 
of much discussion. Stang and Shah (1986) argue that it is difficult to determine the 
shear stress distribution at the interface. This is also considered by Morrison et al 
(1988), who prefers the fracture mechanics approach as no assumptions regarding the 
shear stress distribution are necessary. Wells and Beaumont (1985) ascertain that no 
account is taken of stress concentration at the crack front and therefore the debond 
stress may be over-estimated. They have experimentally verified that the debond stress 
is determined more accurately by an energy balance criterion for crack propagation.
Bowling and Groves (1979) state that their observations in stress birefringence studies 
showed there is a stress concentration at the debonding front which would be unlikely 
to be predicted by the shear stress approach. Scheer and Nairn (1991) have also claimed 
that the energy release rate approach is a more suitable method with which to describe 
failure in microdrop debond specimens. Piggott (1989) studied pull-out tests on carbon 
fibre composites and proposed that the fracture mechanics model was more appropriate.
Kerans (1991) considers that as debonding takes place by propagation of a sharp, 
predominantly mode II crack, the best way to describe it has inevitably to be interface 
toughness. It has been pointed out (Leung and Li, 1990a) that it may be possible to 
discover which criterion to use for a particular system by studying pull-out behaviour 
as a function of fibre radius. Gao et al (1988) showed by this method that fracture based 
models were more accurate in predicting the debond behaviour for a model system of 
steel wire in epoxy resin.
Recently Gent and Liu (1991) have carried out pull-out and fragmentation tests in model 
fibre composites. They have calculated a fracture energy from both as well as from peel 
tests and found good agreement. However, no account was taken of the strength/length
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dependency of carbon fibres.
4.2.3.3 Fragmentation tests
Fragmentation tests involve extending a single fibre composite in tension until 
sufficient stress has been transferred across the interface to break the fibre. Continual 
application of stress leads to the fibre being broken into many fragments, the lengths 
of which are too short for the stress to build up to break them. A distribution of these 
fragment lengths may be treated statistically to find a value for the critical transfer 
length, lc. Using Eqn. 4.1.7, a value of the average shear strength at the interface may 
be deduced from lc.
Wadsworth and Spilling (1968) investigated load transfer by this method. Fraser et al 
(1983) developed the potential for fragmentation of glass fibre thermoplastics. The 
technique has been used widely for glass fibres by Ohsawa et al (1980), Miwa et al (1978) 
and Dibenedetto and Nicolais (1985). Kevlar fibre has also been tested (Drzal, 1983a.) 
and Drzal and many others have applied the technique to carbon fibres (Drzal et al, 
1980, 1981, 1983b, 1983d, Bascom and Jensen, 1986).
The test has, until recently, been limited to systems with a compliant and relatively 
tough matrix in order that the breaking strain of the matrix is higher than that of the 
fibre. However, resins used in commercial applications are generally brittle and not 
suited to the test. For this reason , Favre et al (Jacques and Favre, 1987, Favre and 
Jacques, 1990, Favre et al 1986) have first embedded the fibre in the resin to be tested 
(typically a TGDDM resin) and then the whole is encapsulated in a compliant and crack- 
resistant resin. This technique does not give a true value of the interfacial shear 
strength due to the existence of a dual interface but can give information on the effects 
of surface treatments in real systems.
Drzal and Franco (1991a) point out that one of the shortcomings of the fragmentation 
tests is that the positions of the breaks must be recorded and sometimes this may be 
of the order of 100 per sample. They go on to describe some recent work with 
Waterbury on the development of a software package called ’Fibertrack’ and a
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computer-interfaced translation stage designed to minimize the man hours taken up by 
the test. It does, however, still retain the possibility of human intervention and 
discrimination of events. Also discussed is the use of the photoelastic birefringence of 
the matrix to generate qualitative information on the fibre/matrix interactions and the 
effect of surface chemistry. Further work in this area has been carried out by Bascom 
and Jensen (1986) and Ashbee and Ashbee (1988).
An alternative method to overcome the errors due to limitations of optical microscopes 
is acoustic emission (AE) and this has been promoted by Netravali et al (1989a). They 
describe a means for determining the fragment lengths by AE and thereby introducing 
an automated method which may also be used with non-transparent matrices.
The fragmentation test is limited by the fact that it involves only one fibre and this 
may not reflect the properties of the composite as a whole. In an attempt to create a 
more realistic stress state situation as found in real composites, Wagner and 
Steenbakkers (1989) have tested samples of arrays of a few fibres in close packed 
geometry. A further problem is the variation of results due to testing conditions. 
Fragmentation test results (Turgut and Sancaktur, 1991) have been found to depend on 
the rate of application of strain and also the temperature of the test.
The fragmentation test are difficult to interpret. The value of shear strength calculated 
from Eqn. 4.1.7 and adopted by most of the previously mentioned authors is an average 
value and is not concerned with the three dimensional stress distribution around the 
fibre. The various analyses which have emerged to model this stress state are discussed 
in Section 4.1.
Another problem concerns the value of fragment strength. It is well known that the 
strength properties of a fibre are dependent on the length of that fibre and this has been 
the subject of much research effort. As discussed in Section 2.2/2.3, the flaws are 
distributed by a random or Poisson model which leads to a Weibull distribution and this 
means in practice that a shorter fibre has fewer flaws. This will obviously effect the 
results of the fragmentation test since the lengths remaining unbroken decrease
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progressively.
Attempts to deal with this situation have been made by Drzal and co-workers (1980). 
They have incorporated a Weibull distribution function into their determination of the 
average shear strength and include a value for the strength of a particular length of 
fibre derived by ’weak-link scaling1 of fibre tensile test data. Fraser et al (1983) also 
used a weakest-link /  strength model combined with the Kelly-Tyson approach and 
developed a computer-simulated random fracture process.
In contrast to the adoption of a Weibull model, Bascom and Jensen (1986) showed that 
the fragmentation data did not give a linear plot for the two-parameter Weibull model 
and that fibre fracture appeared to be generated by more than one flaw type. To avoid 
these uncertainties, a normal distribution was chosen. Wimolkiatisak and Bell (1989) 
found success with both a Weibull and a Gaussian distribution.
Recently a team at Cornell University (Henstenburg and Phoenix, 1989, Netravali et al, 
1989b) have introduced a Monte Carlo simulation to provide a foundation for 
interpreting data from a single filament composite. The Poisson model for the 
occurrence of flaws along a fibre was introduced, restricted to the special condition of 
a Weibull distribution. Dimensionless correction factors for use with the normal Kelly/ 
Tyson model were generated.
Further advances in this field have been made by Favre et al (1991) with their 
simulation of the fragmentation process based on a combined model of stress transfer 
at the interface, elastic up to the interface failure and then by friction. Weibull 
statistics are used to calculate fibre strengths. Experimental results were compared 
with computer generated figures and showed general agreement (Favre et al, 1990). 
Verpoest et al (1990) have determined an analytical solution to their partially elastic 
model of stress transfer. They also present a method to calculate interface properties 
from the fragmentation test without the assumption of a constant shear stress at the 
interface.
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Taking the idea of the Weibull distribution of strength one step further, Wagner et al 
(Wagner and Eitan, 1990b, Yavin et al, 1991) attempt to justify the statistical treatment 
of the fragment lengths. They argue that if the flaws are assumed to be distributed 
along the fibre length according to a spatial process, then far from the saturation point 
the resulting fragment lengths must exactly follow a shifted exponential distribution. 
At the saturation point, the distribution of lengths is still approximately exponential. 
They calculate the fibre strengths using a Weibull model and with the generated 
parameters go on to determine the shear strength from the fragmentation test without 
the need to refer to single fibre strength test data.
In a recent publication, Drzal and Madhukar (1991b) have shown that the information 
on adhesion level and failure mode from a fragmentation test provides vital insight into 
understanding the role of adhesion in composite material behaviour.
i
4.2.3.4 Bending forms
Narkis et al (1988) proposed the use of elliptical bending forms as a tool for studying 
fibre-matrix interaction but the technique needs further theoretical optimization and 
experimental verification. The approach is based on the idea of embedding a single fibre 
in the outer neutral or inner surface of the deformed specimen. Shear stress builds up 
from one end and the fibre fails according to the maximum shear stress criterion.
4.2.4 Summary
Drzal and Franco (1991a) have carried out a systematic comparison of the six main test 
methods used to measure interfacial properties. A high strength fibre and an epoxy resin 
were used in all cases. It was found that the microdebond test generated the lowest 
results, possibly due to different cure conditions of the resin and differences in the 
stored strain energy compared with for example, the fragmentation test because of the 
effect of free length. Microindentation technique results were in agreement with 
fragmentation tests but effects of free surface, residual stresses, neighbouring fibres, 
polishing damage, etc. were not considered. Finally, results from the (+ 45)s tension 
test, the short beam shear test and the Iosipescu tests were higher and this was
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expected to be due to differences in the nature and assumptions made in each test.
A recent round robin test for single fibre techniques has shown that even when results 
from the same tests are compared there is great variation from one laboratory to 
another (Pitkethly and Favre).
The overall conclusion of the above study is that the single fibre model tests provided 
a clearer idea of the level of adhesion and failure mode between the fibre and the 
matrix. Therefore in the present work two single fibre tests, pull-out and fragmentation 
have been selected in order to study the effects of surface treatment on adhesion.
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Fig.l. Tests used to study adhesion at the interface in composite materials; a.ILSS, 
b.pull-out, c.microindentation, d.fragmentation, e.microdebond, f.tensile shear, 
g.Iosipescu (Drzal and Franco, 1991a).
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4.3 EXPERIMENTAL INVESTIGATION 
OF THE INTERFACE BY PULL-OUT TESTS
4.3.1 Introduction
The first model test used to study the interface is the pull-out technique. As previously 
discussed, adhesive properties are not easily retrieved from experimental data. In the 
present work, single selected fibre types, both treated and untreated, were pulled out 
of the control resin. Two analyses, one based on a shear strength criterion and one on 
fracture mechanics model have been applied to study the resultant pull-out 
load/displacement traces for a particular embedded length of fibre. These analyses have 
been compared and a new combination model proposed which appears to fit the 
experimental data well. It is found to be physically more reasonable than present 
solutions.
From the new model it was possible to generate information on the coefficient of 
friction and shrinkage stress at the interface as well as interfacial bond strength and 
fracture toughness. These were determined for the untreated and treated fibres in resin 
and an increase in the bond strength with surface treatment was observed up to a 
maximum followed by a plateau.
4.3.2 Experimental technique
The pull-out test used was based on an adaptation by Pitkethly and Doble (1989) of the 
test developed by Desarmot and Sanchez at ONERA (1984). The principle of the test 
method has been described in the previous section.
A 50mm length of a single fibre drawn from a tow, is mounted on a 25mm aperture 
window card using adhesive tape. The card is held vertically above the specimen holder 
and cut, leaving about 20mm of fibre free. The fibre is then guided using the fibre guide 
into the pool of uncured control resin in a specially made holder (see Fig. 1). It is then 
cut free from the window card and the holder placed in an oven for the resin to cure
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at the control schedule.
The specimen holder is fixed into a micromanipulator at the base of a tensile testing 
machine. Fig.2 shows the adaptations made to the top grip. A soldering iron barrel is 
attached to the load cell, separated by a PTFE insulating collar. A small brass screw 
is attached to the end of the barrel with a 200pm hole drilled through its centre.
The guide is removed and the fibre manipulated so that it enters the hole in the screw. 
The fibre is aligned by use of a plumb line at this point. The top grip is lowered leaving 
3mm of fibre between the resin and the head of the screw. The soldering iron is then 
turned on and solder applied to the screw. While the solder is molten, the load cell of 
the testing machine is zeroed. The soldering iron is then turned off and the subsequent 
contraction due to the solidification of the solder is compensated by slight movement 
of the top grip to maintain zero load. Once the solder is solid then the contraction of 
the soldering iron is allowed to pull the fibre out of the resin. Usually it is necessary to 
set the crosshead moving at 0.05mm/min after debonding in order to complete the pull- 
out. This must not be done before debonding or the mechanical shock may break the 
fibre. The load required to pull-out the fibre is recorded on a load/displacement plot.
When testing especially weak fibres or those for which the treatment has caused the 
resin to bond very well to the fibre, the pull-out load can be greater than the fibre 
breaking force at values of the embedded length used in the test. There will be an 
optimum embedded length for a particular fibre/resin system above which fibre failure 
will always occur. This will be discussed further below. In practice, it is best to obtain 
the largest range of embedded lengths possible and the optimum length is soon 
determined experimentally, if only approximately.
The embedded length and fibre diameter are measured after the fibre has been pulled 
out of the resin by examination using an SEM. At the end of the test, the screw is taken 
from the top grip with the solder and the attached fibre still in place and coated for 
SEM analysis. The embedded length is taken to be that between the end of the severed 
meniscus of resin ( remaining from the resin which had moved up the fibre by capillary
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action from the resin pool) and the end of the fibre. If no such meniscus was found, then 
usually it meant that fibre failure had occurred at the resin surface. A typical SEM 
photograph of the pulled out fibre, showing the meniscus of resin, is given in Fig.3. It 
is assumed that fibre failure does not occur within the resin. A comparison was made 
of lengths measured in the SEM with estimates from load/displacement traces. In some 
cases the values were very similar (see Table 1) despite the fact that the scale for rate 
of pull-out is unknown and must be approximated.
As the embedded lengths are measured after the pull-out experiment, it is not possible 
to control the lengths to be tested accurately. After several tests have been carried out 
and an optimum length for the particular fibre/resin combination has been estimated, 
it becomes possible to judge very long, medium or very short lengths within this 
limitation. Up to 48 samples each of XAU, XA10, XA25, XA50 and XA100 were tested 
in the control resin.
Several values of load were read from the resultant load/displacement traces, an 
example of which is shown in Fig.4a, which could then be converted to stresses using 
the value of the diameter of each fibre as measured in the SEM. A value of maximum
5§C
load, P* on Fig.4a yielded o , the value of P0 generated o0 and Pf was used to calculate 
Of. The parameter PQ cannot always be obtained if the testing machine is not hard 
enough or if the debond is unstable and this will be considered in more detail later. Pf 
is not available if the pull-out is unstable.
Plots of maximum debond stress against embedded length are shown in Fig. 5. These 
show an increase in debond stress with length and also demonstrate higher stresses at 
lower lengths for the treated fibres. It is difficult to prove anything conclusive from 
these plots without further analysis. The next section will deal with the physical 
modelling of the pull-out tests in order to interpret the results and to explain the 
features presented on the plots.
In order to investigate the effect of stress on the fibre surface due to the resin 
shrinkage, resin B3, described in Chapter 3 (control resin but with a post cure
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temperature of 155°C) was adopted for a series of tests using XAU fibres. These could 
then be compared with the XAU /  control resin data.
A further examination was carried out after the recent work by Marshall and Price 
(1991) which showed, using STM, that graphite platelets protrude from the surface of 
IM fibres at an angle. If this were the case with the present fibres then whether they 
are mounted in one direction or another and subsequently pulled out, may influence the 
results due to different frictional effects in each direction. In order to investigate this 
phenomenon several XA25 fibres were tested under exactly the same conditions on the
same day with the control resin. However, half the fibres were taken from the tow and
mounted in one direction on the window card and the other half mounted in the opposite 
direction. These were then led into resin and after curing were tested in the usual way.
4.3.3 Pull-out - a physical model
4.3.3.1 Introduction
In order to understand the pull-out process and to produce an analytical model which is 
physically plausible, it is first necessary to consider the actual mechanism of debonding 
and its effect on the stress profiles in the fibre and at the interface.
In the pull-out test, a small cylinder of resin is fixed at one end and a traction applied 
to the embedded fibre at the other end. A constant displacement rate, in the axial 
direction is maintained. A schematic of the shear lag model of the test is given in 
Fig.6a, in which a fibre of radius a is located at the centre of a coaxial cylinder of 
matrix radius b. The total embedded length is L in the direction z.
On loading, stress is transferred from the fibre to the surrounding matrix by shear at 
the fibre/matrix interface. The resultant load/displacement curves given in Fig.4 show 
an initial linear region corresponding to elastic loading of the fibre with a bonded 
interface. The stress profiles are indicated in Fig.7a for the tensile stress in the fibre 
and the shear stress at the interface. These will follow a typical Cox (1952) type 
distribution, the maximum value being found close to the point of entry of the fibre. In
121
reality a maximum shear stress cannot exist at the free surface. However, it is so close 
to the surface that it acts as a stress concentration at the interface and initial 
debonding occurs at point P0, the frictionless debond load, in Fig.4a. The crack may 
then propagate in a stable or an unstable manner depending on the conditions of testing. 
If the machine loading system is insufficiently hard then the fibre will debond and pull- 
out catastrophically. This is shown in Fig. 4b and may also occur if the fibre is below 
a critical length which we will call zmax. This will be further explained below.
If the crack propagates in a stable manner to the stage shown in Figure 6b then stress 
is also transferred by friction at the debonded interface. This frictional force arises 
from a radial compressive stress, qo, in the resin due to differential shrinkage or 
contraction during cooling from the fabrication temperature, since the thermal 
expansion coefficient of the matrix is higher than that of the fibre. This stress is not 
uniform along the length of the fibre due to Poisson's contraction of the fibre in the 
radial direction when it is subjected to an axial tensile stress. The corresponding stress 
distribution is given in Fig.7b and shows the stress profiles in the bonded (z) and 
debonded (L-z) regions. In the debonded region the stress profile is shown to be linear. 
In fact due to Poisson's ratio it will be slightly curved. Further increase in applied load 
will simply displace the debonded zone. This is demonstrated by the rising portion of the
jj*
pull-out load/displacement plot from PQ to P given in Fig.4a.
At the point where the length of the bonded region has decreased to the critical length, 
i.e. the crack length has reached zmax shown in Fig. 6c, the remainder of the fibre will 
debond in an unstable manner and the fibre will start to pull-out of the matrix. This 
instability is represented by the stress profile given in Fig. 7c where it can be seen that 
there is not enough remaining length of fibre for the stress to be transferred in a stable 
manner. This is indicated on the load/displacement plot by a drop from P , the 
maximum debond load to Pf, the frictional pull-out load, as shown in Fig. 4a. An 
additional contribution to the pull-out process is the relaxation of the strain in the fibre 
as the tensile stress falls following debonding. This is further discussed in the next 
section.
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On debonding, the load may fall only to Pf (4a), or to zero and remain there (4b,4c), it 
may rise again (4d) or drop to zero followed by a rise (4e). This will to a certain extent 
depend on the testing system. As mentioned above, if the system is insufficiently hard 
or the embedded length is below zmax then the load will stay at zero (4b,c). However, 
for all other cases the drop will be arrested by the radial expansion of the fibre, due to 
the relaxation of Poisson's contraction, at Pf. The fibre will then continue to pull-out 
with frictional drag, shown by the stick-slip portion of the load/displacement plot in 
Fig.4a,c,d,e. The corresponding stress profile is given in Fig.7d.
If Pf is equal to P as shown in Fig. 4f then the debonding event is always stable. This 
is usually only the case with ceramic composites where there is no chemical bonding at 
the interface. A further situation may occur if the compressive stress, q0> is very low
and is completely relieved by radial Poisson's shrinkage of the fibre. In this case P0 will
%be equal to P as shown in Fig.4g.
4.3.3.2 Additional unstable pull-out
If we consider that the free length in the present experimental work is » 1mm, it is 
evident that the elastic strain energy relaxation effect will be significant. As a results 
of the axial relaxation at debond, the fibre will instantaneously pull-out in an unstable 
manner by an amount Up0 given in Fig. 6d.
A value of Up0 has been estimated by the development of an approximate model based 
on force balance principles (Bader, 1991a). It assumes that stress transfer in the bonded 
and debonded portions of the embedded length is linear with constant interfacial shear 
strengths corresponding to each zone. Using approximate values from the present 
experimental work a value of Up0 of 11 pm was estimated. This is a significant amount 
as it is of the order of the smallest embedded lengths and could be an additional factor 
contributing to the unstable pull-out at very short embedded lengths and why some pull- 
out curves do not regain load.
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4.3.4 Introduction to analytical modelling
A recent example of a model considering the shear strength criterion ( Hsueh 1990a,b) 
and one based on fracture mechanics (Gao et al 1988) have been adopted for comparison 
with the experimental data. The Hsueh model was selected as it is the most 
comprehensive model of its kind to date and the Gao et al model chosen because it is 
the most sophisticated fracture mechanics model so far considered which can determine 
inherent interfacial properties from experimental data. Both these models consider the 
effects of friction at the debonded region and Poisson contraction of the fibre but 
assume zero interface thickness and uniform homogenous matrix properties. The two 
models have been compared in a recent publication (Kim, Baillie, Mai, 1991b) evaluating 
the validity and discrepancy of the assumptions made in each criterion whilst fitting the 
models to experimental data. Three materials were considered: a model steel wire epoxy 
system (results from Kim, Sydney University), the carbon fibre/epoxy system from the 
present study and SiC fibres in a borosilicate glass matrix (Butler et al, 1990). The study 
indicated that Hsueh's model has the capability to predict the total debond stress for 
short embedded lengths and that the Gao et al model is better for long embedded 
lengths. This study will be considered further below. Firstly it is necessary to introduce 
the basic elements of each of the models and how they have been fitted to experimental 
data.
4.3.5 Gao-Mai-Cotterell model
4.3.5.1 Basic elements of the model
This fracture mechanics based model considers the debonding process as crack 
propagation at the interface. These ideas have been introduced in Section 4.2. where 
Eqn. 4.2.3 demonstrates the relationship between the debond stress and fracture 
toughness, however, this does not include the effects of friction and Poisson's 
contraction. The model by Gao et al considers both. Crack initiation is not included in 
the model and it assumes a pre-debonded region (L-z) as a precrack. From a similar 
approach to that used to generate Eqn.4.2.3 but including the effects of friction and 
Poisson's contraction the following expressions have been derived.
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During the debonding process, the instantaneous or partial debond stress, o^P, is given 
as a function of the debond length, (L-z) by
o = o„ + ( a - a j  [ exP (V I ,~f? * ~1„ 1 .............................4 . 3 . 1d T ‘ exp U  ( L - z ) ) -1+0
and because
i+ < — > ( — )
0 = ----------------------- - ------ — ------------------- = 1 f o x  t i 1 >  a 2 ............................4 . 3 . 2
1+ ( - X)  ( (l-2Jcv„) /  ( l-2 .fcvf ) ) a r
the expression can be simplified to
* <*0+ (o-oc) [1-exp (-X (L-z) )]............4.3.3
where k  is equal to 2pk/a, p being the coefficient of friction at the interface and k =
(aVf + yvm)/{a(l-Vf) + 1 + vm + 2 y} which is equivalent to Eqn. 3.2.9 for low volume
0 0  0fraction, a = Em/Ef (Young's modulus ratio of the matrix to the fibre), y = a /(b - a ) 
and vm and Vf are the matrix and fibre Poisson ratios respectively. X may be 
determined experimentally.
cF is the asymptotic debond stress which is reached at long embedded length L given by
O = -(4s) (1+ (-*-) ( — )).......... 4.3.4k  a  v f
where qo is the clamping stress. cF can be determined experimentally from the total 
debond load/embedded length plot shown in Fig.5.
The frictionless debond stress, oG, is defined in terms of the interfacial fracture 
toughness, Gic, as
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°o =
4BfGic ( ( l-2 ic v f ) + ( J - )  ( l -2 * v „ )
cc
a ( l - 2 k v f ) 2 a ( l - 2 k v f )
and the similarity to Eqn 4.2.3 can be seen although the two expressions are still not 
equal. PQ, which is equal to %r o0j is indicated in Fig. 4 and is taken in this model to 
be a constant value, regardless of the embedded length.
The stress profile depicted by this model does not therefore consider the stress transfer 
in the bonded zone in Fig. 7.
The initial frictional pull-out stress after complete debonding, Of, can be obtained if it 
is supposed that o0 = 0 and that the debond length L-z is now the full length L as z = 
0.
° t  = ® t - ^ T T T T ^ J  *  ® U -e x p  ( - X L ) } ........................... 4 . 3 . 6x exp (A L )-1+0
The value of X gives an effective shear stress transfer length. As e~*L tends to zero 
then a = Of. Therefore, in a situation where there is only stress transfer by friction, the 
maximum stress is transferred at this point. The transfer length L to reach this stress 
will depend on the value of X.
Finally, if L-z is replaced by L in the partial debond stress Eqn.4.3.1, it is possible to 
calculate the maximum debond stress at the point where = a .
a* = a0+Co-a0) [ 1 - e x p ( - 1 L ) ] ........................... 4 . 3 . 7
or this can be rearranged as
o* = o_exp ( -XL)  +o (1 -exp ( - X L ) .......................... . 4 . 3 . 8
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We can see, therefore, that the difference between the total debond stress and the 
frictional pull-out stress will also be a function of embedded length (Butler et al, 1990)
A o = ( o * - o f ) = o0e x p ( - A , L ) .............................. 4 . 3 . 9
4.3.5.2 Evaluation of the parameters
In all following analyses the elastic constants and radii were taken as Ef = 230GPa, Em 
= 3.0GPa, Vf = 0.2, vm = 0.4, a = 0.003mm and b = 1.0mm.
The immediate advantage of the model of Gao et al (1988) is that it is possible to fit 
the data to see if there is a correlation and the three parameters, o0, X and a can be 
determined directly. It is not necessary to use a non linear curve fitting routine or 
assume parameter values and the curves may be fitted using simple linear regression. 
In the original paper, Gao et al have fitted data from various workers to their model by 
using estimations for some of the parameters instead of determining these 
experimentally. Butler et al (1990) attempted to use the model to fit their data for SiC 
in a glass matrix. A first attempt employed a non-linear curve fitting routine to Eqn.s
4.3.6 and 4.3.8 since no experimental values of oQ were available. This yielded a 
negative value for o0 which is obviously not plausible. The authors then went on to fit 
the data for frictional stress first to Eqn. 4.3.6 to determine X and o. Subsequently, the 
difference between the total debond stress and the frictional stress was fitted to Eqn. 
4.3.9 to yield aQ.
It would be very easy to fit the model if experimental data were available for oQ. 
However, only few load/displacement traces showed this feature. Taking natural logs 
of Eqn. 4.3.9, we obtain
l n ( A o )  = l n ( o 0) -A ,L ..............................4 . 3 . 1 0
and we can therefore plot In (o -Of) versus embedded length. Linear regression should 
produce a straight line of gradient -X and intercept ln(o0). However, the plots were 
found to display an initial rise followed by a fall. If the model is correct we would
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expect a straight line of negative gradient. It was felt that the negative value of a0 
found by Butler et al (1990) may also have been due to this discrepancy.
To further test the departure from the model, data from Kim et al (1991) for steel wire 
in epoxy were treated in the same manner. The same phenomenon was observed for all 
data. It appeared, therefore, that the model predicted the pull-out behaviour well only 
at long embedded lengths. Therefore the upper part of the curve, where the gradient 
became negative, should be used to generate the values of o0 and X with the assumption 
that the fracture mechanics model was actually valid in this regime.
The next step was to fit the frictional stress curve from Equation 4.3.6. Due to the 
scatter of data it was felt that non-linear curve fitting would be too inaccurate to 
generate reliable parameter values. One possibility would be to use the value of X from 
the first fit and substitute it into the equation. This was avoided because any inaccuracy 
in the determination of X would be transferred into o so it was felt that a second 
estimate of X should be obtained independently for comparison. Therefore, the value 
of o was taken from the plot of maximum debond load versus embedded length in Fig. 5 
as the asymptotic debond stress at long lengths. This value could then be substituted 
into Equation 4.3.6 and after taking natural logs we obtain
so that a plot of -ln (l-a f/o) versus embedded length yields a straight line with slope of 
gradient X. As mentioned in Kim et al’s paper (1991b), it is also possible to obtain the 
values of X and o from the gradient of the frictional stress against embedded length 
curve as
If at present all the symbols in Fig. 5 are considered to be in the same data set then the 
scatter is observed to be very high. In order to make any comparisons between pull-out 
parameters of different fibre types it was necessary to try to reduce the scatter by 
some means.
In  [ 1 - - ^ ]  = - X L 4 . 3 . 1 1
a
4 . 3 . 1 2
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At this point the pull-out load/displacement traces were considered again. A systematic 
study was made of the type of trace and the value of debond and frictional stress /  
embedded length associated with it. Four main types of trace were observed. One type 
will be referred to here as ’stable debonding' and corresponds to Fig.4a although the 
initial debond stress features were observed only occasionally. A second type will be 
labelled 'partially stable 1' and is shown in Fig.4d; The third type is represented by 
Fig.4e and referred to as 'partially stable 2'. The final type is 'unstable ' and is 
represented by Fig. 4b. The maximum debond stress /  embedded length plots are then 
classified into trace type and it is seen in Fig. 5 that if we consider only the stable 
debonding scatter is much reduced.
The In (o -a^) versus embedded length chart of XA25 is shown in Fig.8 for the stable 
data only, demonstrating the same initial rise and then fall with increasing length. It is 
evident that more data is needed at longer lengths in order to produce more accurate 
values of aQ. Frictional stress curves of -In (1-Of/d) versus embedded length for all 
data, stable and unstable, however, showed reasonably good fit at all embedded lengths 
and are shown in Fig.9 for XA25 and XA100. In order to generate these, a value of d 
was obtained from a maximum debond load/embedded length plot with the stable data 
from all the fibres tested.
From the parameters determined in the above analysis, the maximum debond stress for 
the model of Gao et al, was calculated from Equation 4.3.8 and plotted versus 
embedded length in Fig.5 for all fibre types. We notice a reasonable fit to the 'stable' 
data at long lengths but a departure from the Gao model at low embedded lengths.
4.3.6 The Hsueh model
4.3.6.1 Basic elements of the model
If the Hsueh model, which is based on a shear strength criterion is expressed in the same 
nomenclature and the same format as the model of Gao et al, it will be easier to 
compare the two models directly. Therefore the equations have been rearranged (Kim 
et al ,1991b) and will be displayed here in the new format. The pull-out process is
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described in exactly the same way as before (shown in Fig. 6) but without the initial 
crack and is derived from a similar shear lag principle but assuming debonding occurs 
when the interfacial shear stress equals the shear bond strength xb.
In this case the partial debond stress is given by
Bi ( l + ( ^ )  ( — ))
a dP = <V(c-00) Cl--------------- “ Vf-----C............................4 . 3 . 1 3
A,+B l(J L) ( _ 2 ) + b 2
a v 2f
2 2 which for b >> a
*  o„+ (a - oJ  [ - i - : - , - ] ........................... 4 . 3 . 1 4° ' (X+B2)
where oQ is determined from the analytical solution for the fibre stress at the free 
matrix surface when the interfacial shear stress equals the shear bond strength x^
2x^(1+ ( - £ ) )
a = [ ----------5— 5!— ]ta n h (P D .......................... 4 . 3 . 1 5° pa
p =
\
i + ( — )
4 . 3 . 1 6
(1 +vJ (jb2ln ( — ) - (
2Y
) )
Parameters Bj and B2 are a function of partial debond length (L-z) 
{m ^m ^ exp ((m1+m2) { L - z ) )
= exp (2% { L - z ) ) -exp {m2 { L - z ) )
4 .3  .17
_ ^exp (^ { L - z ) ) -m2exp {m2 { L - z ) ) 4 3 1 8
2 exp (1% { L - z ) ) -exp {m2 { L - z ) )
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where = - {Q + (Q2 -  4QA.)^2}/2 and m2 = - {Q - (Q2 - 4Q X)^2}/2 and Q = - (p2/X) [{1 
+ (a /y )(v f/vm)}/{l + (a/y)}] which is simplified to Q « - (p2/X)(vf/vm) for b2 >> a2.
As before, if o0 is equal to zero in Eqn.4.3.13 and z = 0 for the determination of the 
parameters Bj and B2, then the solution for the initial frictional pull-out stress, Of^  is 
obtained as
B1 (1+— ) ( —^)
_  aaf  = a [ 1 - ------------  i -----] ...........................4 . 3 . 1 9
(-^5) +B2 ■L a vf  z
o ?or for b >> a
* a l l - B j  (X+B2) ] ........................... 4 . 3 . 2 0
The two theories discussed above are similar in that the partial debond stress, is 
composed of two components: a frictionless debond stress component and a friction 
stress component. This latter stress is directly proportional to (d -  o0) and is controlled 
by X (related to the coefficient of friction). The major difference between the two 
models is the form of the frictionless debond stress, o0. In Gao et al's model, o0 is 
independent of the embedded length and is described by a fracture energy Gjc. Hsueh 
uses a shear strength to describe oQ which is dependent on embedded length, 
approaching a constant value only at longer lengths.
The solutions proposed for the value of Of in the two models are essentially the same 
for low fibre volume fraction composites, as with the present study. The value of m2 
(positive) is found in practice to be approximately two orders of magnitude higher than 
the value of mj (negative) and so except for short embedded lengths, the coefficients 
Bj and B2 given in equations 4.3.17 and 4.3.18 can be simplified to Bj » (m2- 
mj)exp(mjL) and B2 » m2. From these equations it can be shown that equation 4.3.19 
becomes
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(l+(-^-) ( — ) (i7?2-in1) exp {m.L)
— r <* v -  1 1a f  = o [ ---------------------------------------------------- ] ............................. 4 .3 .21
X+(JL) (_E) {nu-m.) exp (m.L) +nu a v . Z 1 1 - 2
and for b2>>a2
_  _ {m7 -m,) exp (m. L) ,*  o [ l -------2— i -----fl— 1— ] ...............................4 . 3 . 2 2
X+m2
It  has also been observed that the magnitude of m  ^ is similar to -X with less than 1% 
deviation for the materials tested (not 0.1% as stated in Kim et al’s paper (1991b)). In 
this way we can see that Eqn. 4.3.22 becomes the same as that of Gao et al (Eqn.4.3.6) 
in the case of low volume fraction of fibre.
4.3.6.2 Instability criterion and evaluation of the parameters
Next, it was necessary to see if the data could be fitted using the Hsueh model. As 
there is no easy way to determine specific parameters from a fit to this model without 
a complicated non-linear fitting routine, the values calculated for X and qo from the 
model of Gao et al above were used, as these should be virtually identical. However, a 
value for o0 could not be used as this has a completely different origin. In fact, it can 
be seen from Eqn. 4.3.15 that knowledge of the interfacial shear strength is required. 
An average value for the shear bond strength, can be determined from the initial 
gradient of the experimental maximum debond stress versus embedded length curve as 
(Kim et al (1991b):
2xb (l + ( -f-))
(-^ 2 -) =     4 . 3 . 2 3
d L  l - o  a
These have been determined for the present results and are given in Table 2. They 
demonstrate an increase up to XA25 with no more change after that. It was not possible 
to verify how well the Hsueh model fitted the data other than by calculating the 
complete function for the maximum debond stress versus embedded length and 
comparing this to the experimental values.
132
As the debond stress increases along the embedded length there is a competing process 
between the increase in the interfacial friction due to the compressive stresses caused 
by shrinkage and a reduction due to the Poisson's contraction of the fibre. This produces 
a non-linear increase of the friction stress component with embedded length. This is 
true for both theories. However, as discussed previously, the frictionless debond stress 
varies in the Gao et al and Hsueh models. The derivations and original assumptions are 
different and the resultant stresses are dependent on the embedded length in the Hsueh 
model but independent of it in the Gao et al model. Considering the Gao et al model 
where aQ is constant or the Hsueh model at long lengths where tanhpL ~ 1, then the 
partial debond stress increases at the same rate as the frictional stress component. The
jjj
maximum debond stress, a , is obtained at the moment of complete debonding when z 
= 0 and it is therefore a function of the entire embedded length. This can be seen in Fig. 
10 taken from Kim et al (1991a) which is a study to characterise the stability of 
debonding by considering the partial debond stress in the Gao et al and Hsueh models. 
The analysis will be presented in some detail here.
If we consider the situation of varying initial stress with bond length z, as in Hsueh's 
model, then Eqn.4.3.15, for the instantaneous o0 during progressive debonding can be 
determined by replacing L with bond length z. During the debond process, the debond 
stress component (frictionless component) tends toward zero depending on the fibre 
embedded length L; for short L it decreases from the beginning while for long L it is 
constant initially (tanhpL = 1) and then decreases to zero. This has been calculated and 
is demonstrated in Fig. 11 for a variety of embedded lengths. The friction stress 
component is shown also to increase with L-z and so the two stresses balance each other 
to generate the value of the partial debond stress. The partial debond stress may 
decrease from the beginning or increase to a maximum and then subsequently decrease, 
depending on the embedded length. In this way we can see that the complete debond 
stress at the moment of pull-out is not the same as the maximum debond stress. In 
practice, the maximum stress leads to complete debonding and a load drop and the 
decrease in stress after the maximum is not observed.
The debonding process will become unstable if the rate of change of partial debond
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stress, a^P, with bond length, z, becomes negative i.e. da^P/dz < 0 (Kim et al 1991a,b). 
If  we observe the plot in Fig. 11 it is evident that fibre debonding becomes unstable at 
the point when maximum debond stress a occurs. In Fig. 10 when the frictionless 
debond stress component is constant, the debonding is always stable until the fibre has
jj*
debonded completely at z=0 and the maximum debond stress, o = o^P. For a varying 
frictionless stress component the maximum partial debond stress occurs at the point 
where do^P/dz < 0. Therefore there is a length of bond, zmax at which the transition 
between stable and unstable debonding takes place. If the embedded length is less than 
zmax t*ien debonding process will be unstable.
The value of zmax can be calculated from a numerical treatment of Hsueh’s theory (Kim 
et al, 1991b). However, a simpler approach was proposed by Karbhari and Wilkins (1990) 
who neglected Poisson’s contraction and assumed a constant frictional shear stress at 
the debonded region (o^P = o0 + 2xf(L-z)/a). From this expression the maximum bond 
length becomes equal to
Zmax = ( l /P ) C O S h _1, ( - ^ )  (1+-2 - ) ...........................4 . 3  .24x* a' f
In Kim et al’s paper (1991b) values of zmax have been calculated from this equation 
(using a value of Xf determined from the initial gradient of the friction stress versus 
embedded length curve) and from the solution of the numerical treatment of the Hsueh 
equation (4.3.14). It was observed that the Hsueh treatment produces greater values. 
This is because the effect of Poisson’s contraction has been neglected in the simplified 
solution and the frictional stress component will be overestimated. Values of zmax for 
the present data were calculated for each fibre type from the simplified solution. These 
are shown in Table 3 and the Xf value in Table 2. An increase in value of zmax with an 
increase in surface treatment is observed, indicating that the surface treatment 
increases the length which can be pulled out in a stable manner.
Once values of zmax have been calculated, the Hsueh model can be used to determine 
a maximum debond stress versus embedded length plot to compare with experimental 
data. We first consider the maximum debond stress at embedded length L > zmax. Stable
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debonding proceeds until the debond length reaches L - zmax and so the maximum 
debond stress will be calculated by substitution of zmax for z in Eqn. 4.3.14. This will 
be represented theoretically by a load/displacement plot as in Fig.4a, showing ’stick 
slip’ behaviour on the rising curve.
If, however, the embedded length is less than zmax, the process is completely unstable 
and the initial debond leads to complete debonding (o0 = a ). The load/displacement plot 
is as shown in Fig. 4b. Fig. 11 which shows the partial debond stress components as a 
function of bond length indicates that when the embedded length is less than zmax the 
frictional stress component does not contribute to the maximum debond stress. 
Therefore the maximum debond stress is given by Eqn. 4.3.15 which is based on the 
assumption of unstable debonding (Takaku and Arridge, 1973).
Kim et al (1991b) discuss a further situation which may occur with some ceramic 
systems when zmax»0. The load/displacement curve corresponding to this condition is 
Fig.4f. However, this does not apply in the present study and we will consider only the 
two previous conditions.
4.3.7 Results
4.3.7.1 Application of models to the data
The maximum debond stress has been calculated in the above way for the Hsueh model 
using the parameters determined from the Gao et al model and both models are shown 
in Fig.5 with the experimental data. Generally the Hsueh model fits the data better at 
low embedded lengths. Below zmax the model of Gao et al overestimates o because it 
is based on stable debonding and a constant value of oQ. Above zmax> the Hsueh model 
slightly underestimates the maximum debond stress.
We can see that both models give the best fit for the data which is designated ’stable' 
in this study. This is to be expected as they are both based on the assumption of stable 
debonding.
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The calculated parameters generated from the above procedure are given in Tables 
2,4,5. The values of a and therefore q0 are the same for each fibre type as the resin 
was always the same (the control resin) and therefore the shrinkage stress would be 
similar. This shrinkage stress may be compared to that generated for the same resin in 
Chapter 3. The figures are shown in Table 4 and there is reasonable agreement, 7.8MPa 
and 7.5MPa from the pull-out tests and the resin tests respectively.
The A. values for each fibre are shown in Table 5 for the frictional stress fit and these 
are similar despite the small data set at high embedded lengths. It  is evident that there 
is little  difference in surface roughness between the fibres and this is consistent with 
the work of Robinson et al (1986a) which showed no significant change in the surface 
area of the fibre until the equivalent of the XA100 fibre treatment level. An average 
value of 1500m" * was adopted for X for all the fibres in subsequent analysis. This 
generates a coefficient of friction of 1.25. This is in fact far too high for carbon fibres 
and might be expected to be in the region of 0.3 (Henstenburg and Phoenix, 1989). The 
reason for this could be that we are, in fact, measuring the friction between two 
fractured layers of resin, if the debonding is actually cohesive and not interfacial. An 
additional check on this value can be obtained from the value of frictional shear stress, 
Tf, in Table 2, assuming this to be equal to pq0 (ignoring the effects of Poisson 
contraction). From the value of q0 in Table 4 we obtain a value of p of 1.57, even 
higher than that obtained using the Hsueh model, but of similar order. The value found 
by the resin study was also high, 1.39 (Chapter 3).
A point to mention here is the fact that neither model considers the fibres to be 
anisotropic and may need to be modified to apply quantitatively to carbon fibres. It was 
considered that this might be the reason for an inaccurate estimate of the coefficient 
of friction. In order to consider the significance of the omission of the transverse fibre 
properties and how it would affect the measured parameters, the models were taken to 
first principles. The parameters X and d were rederived incorporating the transverse 
fibre properties and these are
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X  =  2 \ x 4.3 .25
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22 4 . 3 . 2 6
where E jj and E22 are moduli (taken as 230GPa and 50GPa presently) and v 12 and V21 
the Poisson's ratio (taken as 0.2 and 0.02), in the longitudinal and transverse directions 
respectively.
In fact, on calculating new values of p and qo there was found to be very little  
difference- a change of 4% in X and 3% in p. The reason for such a small effect was 
attributed to the fact that the diameter of the fibre is very low in comparison to the 
surrounding resin. It was therefore concluded that the models would be adequate for the 
present work.
The problem of anisotropic fibre properties has been considered by Hutchinson and 
Jensen (1991). They have produced general equations which could be used for isotropic 
fibres and additionally applied to anisotropic fibres. They state that the latter 
expressions are extremely lengthy and unrevealing and suggest the use of a computer 
program. As far as we know, there have been no simple expressions derived so far which 
could be applied to experimental results.
The shear strength, x^, values measured from the slope of the maximum debond load/ 
embedded length plots are shown in Table 2 and indicate an increase in the inter facial 
bond strength, up to surface treatment XA25 where the values level off and no further 
increase is observed. The interfacial fracture toughness values also given in Table 2 
show the same trend. These figures are of the same order as that determined by Piggott 
(1989) for treated fibres (Gjc = 30J/m^). x^/xf values have been calculated and are
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given in Table 2. They demonstrate a trend from frictional dependency to chemical 
bonding with increased surface treatment.
Some values of PQ have been measured directly from the load/displacement traces in 
order to obtain the initial debond stress, aQ, directly. There were too few data points 
to use in the full analysis but an average of those determined are shown in Table 2 for 
each fibre type. They are, in fact, of a similar order to the calculated values from the 
model and show the same trend of a rise up to XA25 although at this point the measured 
values decrease again slightly. Similar comparative findings have been obtained by Kim 
et al (1991b) for steel wire coated with release agent in an epoxy matrix.
4.3.7.2 Maximum embedded length
As mentioned previously, there will be a maximum embedded length, Lmax, above which
the fibre will fracture before being debonded and pulled out of the matrix. This can be
evaluated by equating the solution for the maximum debond stress a to the fibre 
tensile strength, ot. If this is completed for Gao et al’s model
1 (<J-CF )
I ^ =  < ................... 4 . 3 . 2 7
A (o-at)
or for the simplified shear strength solution (Karbhari and Wilkins (1990))
Anax = ----- ................................................. 4 . 3 . 2 8
different values are obtained, as discussed by Kim et al (1991b) who also compare values 
from Hsueh’s model. They discover that Gao et al and Hsueh’s model predict similar 
values but the simplified solution generates a much smaller length. Table 3 shows values 
calculated for the present study from the simplified solution taking a value of 4.0GPa 
for the fibre strength (this is approximated as the weak-link scaled value would be too 
high due to experimental errors leading to lower than true estimates of w). These values 
are too low as longer lengths can be measured in practice. The values calculated by the 
Gao et al model are shown in Table 3 also (Lrr.ovl). These results are not similar andIUdX
even further removed from each other than the values shown by Kim et al. This is 
because the value taken for o was higher in Kim et al’s paper (1991b) leading to a lower
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value of Lmax for the Gao et al model. These are too high and would not be achieved 
in practice. The value of Lmax also depends significantly on the fibre strength. If a 
value of 3.5GPa is used in the Gao et al model then much more reasonable results are 
obtained, as indicated in Table 3 (Lmax2).
4.3.7.3 Shrinkage stress study
In this study, the load/displacement charts were recorded in the same way as before and 
the data also analysed in a similar manner. The only difference was that the value of 
oQ and x^ were not determined since they were assumed to be the same as for XAU 
fibres in control resin (this may not be strictly true as there may have been altered 
reactivity between the fibre and resin at the higher cure temperature), X was also 
assumed to be the same as the XAU/control system since the fibre was the same. The 
value of X was then used to determine o from the plot of -ln (l-O f/o ) versus embedded 
length see Fig. 12. A value was not taken from the asymptote as there were insufficient 
data to do this with any degree of confidence and the maximum debond stresses 
continued to increase at the embedded lengths tested. The maximum debond stress 
versus embedded length plot is shown in Fig. 13 for all data with the fit to the Hsueh 
model.
The value of a obtained is indicated in Table 4 along with q0 calculated from this. Also 
indicated is q0 for the control resin which is noticeably lower than that of the resin post 
cured at the higher temperature. This would be expected due to the greater stresses 
induced by cool-down from a high temperature post-cure. The actual values of the 
shrinkage stresses have been calculted from experiments reported in Section 3 and these 
are also shown in Table 4. They show the same trend and are of a similar order as those 
determined by the present study.
4.3.7.4 Study of surface morphology
This experiment was set up in order to investigate the possible presence of protruding 
planes onto the surface of the treated fibre, which may well aid adhesion by mechanical 
interlocking effects but more likely by increasing the number of edge sites. It was 
postulated that if the planes were oriented in a particular direction then on pull-out in
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one direction relative to the processing direction there may be more friction involved 
than in the opposite direction.
XA25 fibres were pulled out of the control resin in opposite directions. The resultant 
load/displacement traces were analysed in the same way as the previous data. Values 
of frictional stress and maximum debond stress were calculated and the former plotted 
against embedded length for each fibre direction. The data fell into two noticeable sets 
(Fig. 14), one direction having a higher frictional stress than the other.
The value of o was taken to be the same as before since the matrix was the control 
resin. Plotting -In (l-<jf/b) versus embedded length showed again two distinct sets of 
data each with a different slope see Fig. 15. Linear regression values of these slopes 
generated a much lower value of X in one direction compared to the other. The average 
is higher than the value which we have been using for the previous study, which suggests 
that the direction of testing was not completely random before but that one direction 
was selected more often than another. These new data suggest that this could be 
another reason for the scatter shown in the previous data. However, the fact that the - 
In (1-Of/d) versus embedded length data showed good correlation with Gao et al's model, 
despite being an average of the two directions, leads us to the conclusion that it was 
reasonable to treat the data as a single set. Certainly, reasonable values should still 
have been achieved for aQ and o. Also, the difference is not very significant when 
comparing maximum debond stresses, see Fig. 16. However, it will be a source of some 
of the scatter observed.
Calculated values of coefficient of friction are indicated in Table 5 and show that when 
the fibre is pulled out in one direction there is more frictional drag than if it is pulled 
out in the other orientation. This is in accord with the recent experimental evidence of 
Marshall and Price (1991) and Klinklin and Guigon (1991) which showed that the graphite 
planes protruded from the surface at an angle. Also Raman spectroscopy has shown 
stress transfer from one end is not symmetric with the other end of the fibre (Melanitis 
et al (1991)).
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We went on to consider the load/displacement traces from the pullout tests of both 
directions. It was evident that many of one direction were of the form shown in Fig. 17a 
with much more evidence of frictional drag. Most of the other direction were as shown 
in Fig. 17b. This was not, however, always the case and could not reliably be used as a 
means of distinguishing between the two directions.
4.3.8 Discussion
It has been demonstrated by the above study that it is possible to fit recent examples 
of shear strength and fracture mechanics based models to experimental data to obtain 
various relevant parameters. These parameters can yield the fibre coefficient of 
friction, the shrinkage stress in the resin at the interface, a shear strength for the 
interface and a fracture toughness for debonding. However, it has also been shown that 
the fracture mechanics model does not appear to be valid at low embedded lengths. It 
has recently been proposed (Zhou et al, 1991) that the model of Gao et al may be 
improved by including the contribution of stored strain energy in the debonded region 
as well as the effects of matrix shear. However, this new model is not easily applied the 
to experimental data in its present form and requires non linear curve fitting.
Although the shear strength model is closer to the experimental data at shorter 
embedded lengths this is not sufficient evidence that the model is correct. Many 
workers have considered the comparison between the two approaches and this has been 
discussed in Section 4.2.3.2. Generally, it is believed that the fracture mechanics model 
is most appropriate.
The results indicate a better fit to the Gao et al model above zmax and a good fit for 
the Hsueh model below zmax. However, as described by Kim et al (1991a,b), with an 
embedded length below zmax the debond process is totally unstable and neither theory 
can be applied directly. Maximum debond stress is instead given by Eqn.4.3.15 which is 
based on the assumption of unstable debonding (Takaku and Arridge (1973)).
First of all it is important to consider the physical inconsistency of the Gao et al model
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below zmax. The major difference between the models studied which has been observed 
in this region is with regard to the initial debond stress or frictionless stress. In the Gao 
model this is constant whereas in the shear strength models it increases up to the point 
where tanhpL » 1. It  would appear that the Gao model would be improved if it could 
incorporate an increasing frictionless debond stress with embedded length up to zmax.
A first attempt at finding a physical solution to this problem considered the possibility 
of an increasing crack growth resistance behaviour (R - curve behaviour) for the 
interfacial fracture toughness, Gjc rather than a constant value. This behaviour would 
be most likely if the debond crack was in fact not causing interfacial adhesive failure 
but cohesive failure within the resin. In this way a fracture zone of some substantial 
size can be developed ahead of the debond crack. This kind of behaviour has been 
demonstrated for treated fibres (see Chapter 2) but not with untreated fibres. In the 
present work the increasing initial debond stress would apply to untreated fibres as well.
Another possible modification to the Gao et al model might be to incorporate the fact 
that below zmax the debonding process is unstable. The best explanation to date for 
unstable debonding has been by shear strength models and the models for frictionless 
debond stress which were designed for such debonding (Takaku and Arridge, 1973) fit the 
data very well. The transition from stable to unstable debonding may be the reason for 
the change of slope in the delta stress plot (Fig. 8). We can see that the slope deviates 
from positive to negative at approximately the same value of embedded length as zmax. 
This could be indicative of a change in failure mode. It is also very interesting to note 
regarding Fig. 5 which shows the maximum debond stress versus embedded length data 
in terms of stability of failure, that the unstable points are all below zmax. Values of 
zmax from the delta stress and maximum stress plot are given in Table 3.
It is proposed, therefore, that the criterion for initiation of the debonding process should 
be a shear strength. Kerans (1991) discusses the fact that failure of the interface will 
initiate in the region of maximum shear stress near the surface closest to the loaded 
end of the fibre. This must occur when a particular interfacial shear strength is 
exceeded. It is also evident from the shear strength criterion based on unstable
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debonding (Takaku and Arridge, 1973) that the longer the embedded length, the greater 
the load needed to build up the shear stress to reach this interfacial shear strength. If 
the embedded length is below zmax, once the initial debonding has occurred the crack 
will propagate instantaneously in an unstable manner and complete debonding will occur, 
as in Fig.4b. In this way, it is proposed that the initial part of the maximum debond 
load/embedded length plot can be described by Eqn. 4.3.15.
Kerans then goes on to explain that under displacement-controlled conditions, once the 
crack tip is sufficiently far from either end, crack propagation is a stable process even 
in the absence of friction. Therefore once the crack has been initiated, the Gao et al 
model may be applied to describe its propagation behaviour. For embedded lengths 
above zmax the crack propagation is represented by Fig.4a (even without the initial 
debond stress feature present if experimental conditions do not allow for this). The 
maximum debond load versus embedded length plot is then described adequately by the 
Gao et al model.
In the present case, which will reflect most practical situations, it is necessary to 
modify the Gao et al model in the following way to incorporate the initial unstable 
debonding
a* = <j0 exp ( ~X1Z) + <7 (1- exp (-A. l z) ) ............4 .3 .29
where initial debond stress oQ is equal to Eqn. 4.3.15 and lz = L-zmax if L > zmax and 
lz = 0 if L < zmax. In other words lz is equal to the embedded length L - zmax for 
lengths greater than zmax. Up to and including zmax the expression above becomes equal 
to Eqn. 4.3.15 for unstable debonding. Above zmax the expression becomes 
approximately equal to the Gao et al model but accounting for zmax.
The predictions of Eqn.4.3.29 have been plotted on the maximum debond 
stress/embedded length axes with the experimental data and these are shown as 
coloured curves in Fig. 18 for all the fibre systems tested. There is good agreement at 
all embedded lengths for all fibres, particularly for stable data.
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It  is now possible to reconsider those parameters which have been determined by the 
above modelling procedures. In fact all the values calculated for the individual models 
will hold. This is because the method used to calculate the constants in the Gao et al 
model by the delta stress method considered only the embedded lengths above a 
changeover point which was found to be of similar value to zmax. In this way only the 
data relevant to the Gao et al model where it was known to be valid was used to 
determine the parameters. The frictional stress plot is valid at all lengths as it does not 
consider a varying initial stress. Finally the shear strength value for the Hsueh model 
was taken from the maximum debond data directly at low embedded lengths and so will 
be valid for lengths less than zmax.
4.3.9 Conclusions
The physical process of pull-out has been studied in detail and stress transfer and 
load/displacement traces considered for each stage of debonding. The concept of 
unstable pull-out was introduced. Two models were applied to the data, the first a 
fracture mechanics model by Gao et al and the second, a shear strength model by 
Hsueh. Neither fitted perfectly, the former being more appropriate for longer embedded 
lengths and the latter for shorter lengths. After this the concept of a stable/unstable 
transition in debonding was considered and related to the load/displacement traces 
determined experimentally.
The pull-out data was subsequently modelled by a new combined mode model,
incorporating determination of crack initiation by a maximum shear strength method
and crack propagation by the fracture mechanics approach. In this way it was possible
to obtain parameters describing interfacial phenomena, not only a coefficient of friction
and shrinkage stress involved in mechanical adhesion but also an interfacial shear
strength and fracture toughness associated with bonding. The latter two were found to
increase with surface treatment indicating improved bonding up to treatment level 
_225Cm . No further increase in bond strength with treatment was obtained.
Further pull-out tests with resin of greater radial pressure on the fibre confirmed the
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potential of this method to determine shrinkage stress and its contribution to the bond 
strength. Finally, a study of the fibre pulled out in different directions confirmed a 
proposed model of an assymetric surface structure of the treated fibre of platelets 
protruding at an angle directed with reference to the fibre axis.
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Pullout length chart (pm) Pullout length SEM (pm)
190 182
270 264
90 110
260 173
70 35
110 131
280 264
80 80
Table 1. Comparison of pull-out embedded lengths measured in the SEM and 
estimated from the load-displacement trace
Surface
Treatment
0^
calc
(GPa)
meas
(GPa)
(MPa) (MPa)
T b/rf Gic
(Jm'2)
0 . 1.50 1.77 43 12.2 3.5 7.3
10 2.60 3.50 53 12.2 4.3 22.0
25 2.76 3.90 66 12.2 5.4 24.8
50 2.74 3.50 66 12.2 5.4 24.5
100 2.74 3.50 66 12.2 5.4 24.8
Table 2. Interfacial shear strengths and fracture toughness values for pull-out tests
Level
Cm'2
z max(pm )
delta
plot
z max
simple
model
z max
from*a
plot
■^ max(pm )
simple
model
^max ^
Gao
model
at=4GPa
•^ max ^
Gao
model
CTt=
3.5GPa
z max
/
^max
2
0 90 89 90 396 1735 900 o o
10 100 98 100 270 1387 551 17.6
25 110 107 110 259 1316 480 22.0
50 110 107 110 262 1325 490 22.0
100 110 107 110 262 1325 490 22.0
Table 3. Maximum embedded lengths and stable/unstable transition lengths 
determined from pull-out analysis
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Resin cr (GPa) Shrinkage stress q0 
from pullout (MPa)
Shrinkage stress 
qo
from resin tests 
(MPa)
Control
A
4.2 7.77 7.50
Resin B3 5.5 10.20 9.97
Table 4. Comparison of shrinkage stress measured from pull-out tests and the resin 
study (Chapter 3)
Fibre direction X  m'1 
0
X
10
A.
25
X
50 X100
Coefficient 
of friction
Direction 1 1349 to
Direction 2 3387 2.80
Both directions 1535 1530 1514 1425 1587 1.25
Table 5. Coefficient of friction for different directions of pull-out
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Specimen holder
Fig.l. Apparatus for partially embedding a fibre in resin (Pitkethly and Doble, 1989).
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•Top grip
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barrel
Screw
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Specimen holder
Micromanipulator
Base
Fig.2. Adaptations made to the top grip of a tensile testing machine (Pitkethly and 
Doble, 1989)
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Fig.3. SEM photograph of the pulled out fibre showing the 
meniscus of resin which is used as an indication of embedded 
length.
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Fig.4. Example load displacement curves for a pull-out test: a. stable debonding and
pull-out, b.unstable debonding and pull-out, c.unstable pull-out, d. partially stable 1, 
e.partially stable 2, f. no bonding, g. no friction during debonding
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Fig.6 Schematic diagram showing the fibre pull-out test during debonding a to
d. In a the fib re  is to ta lly  bonded. In c the debonded zone has reached  
zmax and from  this point w ill debond in an unstable manner. A t  d the fib re  
is debonded and w ill pull-out by an amount UpQ.
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Fig.7. Distribution of shear and tensile stress at the interface
and tensile stress in the fibre during debonding of a 
fibre in a pull-out test a: interface still bonded, 
bidebonding to z, cidebonding to zmax and d:fibre totally 
debonded
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4.4 EXPERIMENTAL INVESTIGATION OF THE INTERFACE 
BY FRAGMENTATION TESTS
4.4.1 Introduction
The second model interface test selected to study the adhesion between the untreated 
and treated fibres and the epoxy resin was the fragmentation test. As with the pull-out 
test, this technique cannot produce a direct measurement of the bond strength but the 
experimental data may be analysed by the use of theories predicting stress transfer 
behaviour. The distributions of fragment lengths measured in this study were used as a 
sensitive detector of changes at the interface. The Kelly/Tyson model was then adopted 
to generate an estimation of an interfacial shear strength. The validity of this procedure 
was explored in the light of recent results from other laboratories and a correction 
factor incorporated to allow for the strength/length dependency of the fibre. In order 
to obtain information on the strength of the embedded fragments, a study of the in­
resin strength of the fibres was carried out on the experimental data generated during 
the fragmentation tests.
4.4.2 Experimental technique
Silicone rubber moulds were prepared from steel patterns designed so that six samples 
could be prepared at one time. The manufacturing process consists of firstly aligning 
the fibres in a mould (see Fig. 1). This is achieved by use of a small metal frame to 
which the fibre is attached by quick setting glue. The frame is then lowered into the 
mould and the fibre bonded to two raised stubs of rubber at either end. These stubs were 
designed to be exactly in the centre of the mould in three dimensions. The fibre is then 
cut beyond the stubs and the frame removed. In this way the fibre in each test piece 
should have the same degree of pretension.
The resin is weighed and mixed in the proportions described in Section 3 for the control 
resin. It is then degassed for 8 min at 40°C. Timing here is crucial as the gel time for 
this formulation is about 12 min at 40°C. The moulds are also heated to 40°C and the
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resin is poured into one end of each separate mould cavity. The mould is then tilted and 
the resin allowed to run down to the other end along the fibre thus wetting it properly. 
Finally, the mould is placed in an oven for the samples to cure. Once cured, they are 
slow cooled to room temperature in the moulds inside the oven.
Samples manufactured in this way were removed from the mould and polished on one 
side, so that the fibre may be observed under the optical microscope. The samples were 
tested on a straining stage which could be attached to the stage of the optical 
microscope. The load was applied by means of a handwheel and differential screw jack. 
A t each increment of strain the number of failures in the fibre was counted. The 
number of turns of the screw was pre-calibrated to strain values by using a strain 
gauged resin sample. It was important that the strain to failure of the resin was 
sufficient for the test to reach its end point.
When no further failures occurred in the fibre and the sample had reached its saturation 
point (see Fig. 2), the fragment lengths of fibre were measured using a vernier attached 
to the movable stage of the microscope. A distribution of these lengths can then yield 
information on the effectiveness of the bond, since a shorter fragment length indicates 
a more efficient bond. The data may be presented as a histogram as shown in Fig. 3 but 
for comparison of different fibres it is best to plot a cumulative distribution of the 
lengths. In order to do this the number of fragments greater than a particular length, 
as a fraction of the total number were calculated and plotted against that length. An 
example is shown in Fig. 4 for the XAU fibre. The fibres tested were: XAU, XA1, XA3, 
XA5, XA10, XA15, XA25, XA50, XA75, XA100 and XA400. Six samples of each fibre 
type were tested and the results analysed altogether. A sample of untreated IM fibre 
(modulus 305GPa, strength 5.5GPa) was also tested to see if the modulus of the fibre 
affected stress transfer.
The failures were observed under polarised light conditions as this made them easier to 
see. Photographs were taken of the phenomena observed. The results of these 
observations will be discussed in the section on fractography, 4.5.
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4.4.3 Fragment length cumulative distributions
Cumulative distributions were plotted for each of the fibres tested and these are shown 
in Fig. 5 all on the same axes. They demonstrate a shift to the left, to shorter fragment 
lengths, with increase in treatment level. Also noted is the fact that the extent of the 
distribution varies with increasing treatment, the untreated fibres having the widest 
range of values. However, it is not the range which is important but the ratio of 
maximum /  minimum lengths. According to Kelly and Tyson (1965), the distribution of 
fragment lengths should be between the critical length, lc, and lc/2. In practice, the 
lengths may be more widely distributed than this. Due to the fact that a single 
anomalous fragment length e.g. of 0.1mm rather than 0.2mm could alter the ratio by 
a factor of 2 the highest and lowest lengths were ignored. These new ratios are 
displayed in Table 1 and are approximately 3 to 1. This indicates that there is very little  
difference in the dispersion of the results which is not so easily inferred from the 
cumulative distribution plots.
Fragment length distributions are discussed by Fraser et al (1983) who introduced a 
computer simulation of the fibre fragmentation test assuming a random distribution of 
flaws along the length. It was discovered that the bounds on the distribution of a fibre 
with uniform length are in a 2 to 1 ratio as predicted from Kelly Tyson's model (1965) 
(see curve a in Fig.6). For a fibre with a strength /  length dependence but the same 
interfacial shear strength, curve b was generated. The resultant theoretical fragment 
length distribution is more disperse. If the interfacial shear strength is reduced the 
cumulative distribution shifts to longer lengths and is more disperse - curve c. Therefore 
the mean position of the distribution and the extent of the dispersion depend on both 
the magnitude of the shear strength and the strength properties of the fibres. The 
significance of this will be considered further below.
The median value of this data is read off at 50% on the cumulative distribution plot and 
plotted against surface treatment level in Fig.7 and it can be observed that there is a 
levelling of the plot at XA25. The median values for each treatment levels are given 
in Table 1. It appears that any treatment at higher levels than XA25 is not significantly
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increasing the bond. However, before any validity can be given to this statement, the 
question of the effect of strength on the distributions must be considered.
The IM fibre cumulative distribution is compared with the XAU fibre as shown in Fig.8 
and a shift to the left is observed to shorter fragments and hence higher bond strength 
for a higher modulus fibre. This may be expected on the basis of a shear lag type model 
but this test is not conclusive as the surfaces of the XA and IM may be different.
4.4.4 In-resin strength study
4.4.4.1 Introduction
It has become increasingly obvious that there is a need for a method of measuring the 
strength of carbon fibres embedded in resin, firstly as a useful source of information on 
the behaviour of the fibres themselves but also for subsequent calculation of the 
interfacial shear properties. It was established in Section 2.3 that the Weibull model 
does not fit  exactly, so it is not a reliable method to extrapolate single fibre data in air 
to shorter lengths in order to obtain the fragment strength. Additionally, there may be 
an influence of the resin on the properties.
Recently, Wagner and Eitan (1990b) and Yavin et al (1991) and Henstenburg and Pheonix 
(1989) proposed that the fragmentation test may be used to determine such properties. 
Wagner and Eitan first introduced the concept to predict the shape parameter or Weibull 
modulus and Yavin et al went on to use a similar principle to find the scale parameter 
and to apply their findings to experimental data.
4.4.4.2 Theory
The model used by the above authors is based on the assumption that the flaws are 
distributed along the fibre length according to a spatial Poisson process. The probability 
that the distance between neighbouring defects along the fibre length, S, is larger than 
an arbitrary value, s, is equal to the probability that no defect occurs on the interval 
length s. The cumulative distribution of this Poisson process is Pr{S.<s}=l-e~*s. Taking
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into account an ineffective length or 'forbidden zone' within the stress transfer length 
either side of the defect, which will not be broken again, the distribution function 
becomes Pr{S.<s}=l-e~^s~ ^ s. The average spacing between the breaks, s, is equal to 1/A., 
the average fragment length and p. is equal to 3/(41c) which is the average fragment 
length at the saturation lim it. It is noted that the process will no longer be random near 
to the saturation point as there are few places left for the fibre to break. Thus the data 
will no longer follow an exponential distribution, but an approximate one.
Yavin et al then go on to describe the dependence of the average fragment length on 
the applied stress. They consider that until the saturation lim it the probability of 
interaction between breaks is extremely low. In this way the fragmentation test could
be regarded as a 'multiple tensile test' with samples independent of each other each
obeying Weibull statistics. The mean tensile strength, o', of fibres of length L is given 
by Eqn. 2.2.3. The next step is to consider the fragmentation test as a tensile test in 
which the 'independent' samples of varying length are subjected to an applied stress. 
Eqn. 2.2.3 is then adopted in reverse form to give the average fragment length L
L = ocwo -W( T [ 1  + — ] ) W............4.4.1° c w
Data can be generated as a set of fragment lengths as a function of applied stress 
during a continuously monitored experiment. A plot of ln(L) versus ln(ot) should produce 
a straight line of gradient -w and intercept equal to
w[lno_+lnT(l+— ) ] ............4.4.2c w
which can yield the scale parameter oc.
The results of the various studies carried out using this approach produced a series of 
ln/ln plots which deviated strongly from a straight line on nearing the saturation point. 
This is due to the ineffective length and because the fragments will become insensitive 
to stress at this point. Linear regression has been applied through the straight line 
portions of the plots only and differences in the results from single fibre data have been 
explained by possible sources of error. These are:
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a. fibre to fibre variability not represented (one sample tested for each 
analysis)
b. averaging of fragment lengths by dividing the total length by the number 
of breaks
c. calculation of fibre stress from the applied stress not allowing for strain 
discontinuity at the interface
d. use of a two parameter Weibull distribution instead of a three parameter 
one.
4.4.4.3 Adaptation to the Yavin model
For the present work the above theory has been adopted and Eqn. 4.4.1 applied to the 
fragmentation data. This was generated in the form of number of breaks per length 
producing a value of the average number of fragment lengths at each increment of 
applied strain. Thus the plot is in fact In (fragment length) versus In (strain). Strain can 
be directly converted to stress via Young’s modulus of the fibre. Six samples made from 
fibres taken at random from the tow were averaged so some of the affect of error ’a’ 
above, would be reduced. All of the other errors still apply.
Samples of XAU, XA1, XA3, XA5, XA10, XA15, XA25, XA50 and XA100 fibres were 
tested and the ln/ln plots are shown in Fig. 9 with typical deviation at the lower end of 
the slope. It is accepted that there will be a certain amount of deviation because the 
location of critical flaws is no longer random. However, it is apparent that Yavin et 
al have not considered the ineffective length, p in their Eqn. 4.4.1. This will have an 
important effect on the results, particularly on the present work with untreated fibres 
(highest ineffective length), as within the ineffective length the fibre cannot break. This 
will become more apparent as the test proceeds and the remaining amount of ’available’ 
fibre is less. We have therefore incorporated p into Equation 4.4.1 above
[Z-|l] = Oc",Ot-"r[r(l + — ) ] "............ 4.4.3c c w
and can plot In (L-p) versus In (strain).
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This has been carried out for all the fibres tested and the plots are shown in Fig. 10. 
There is a much better fit to the model and linear regression was performed on all the 
plots (the line is also drawn through Fig.9 to indicate its deviation from linearity) Values 
of Weibull scale parameters for a unit length of 1mm and shape parameters are 
indicated in Table 2. From these using the weak link scaling procedure
the strengths of lengths equal to the gauge lengths used in the single fibre study, 75mm, 
30mm and 12mm have been calculated and are also shown in Table 2. The strengths are 
all much lower than their counterparts determined in free air. This is thought to be due 
to the fact that a Weibull weak-link scaling procedure may not be ideally suited to this 
material as discussed previously. However, as the determined strengths are for 1mm and 
the fragment lengths are close to this it should be possible to obtain a reasonable 
estimate of fragment strength. This has been carried out and the results are given in 
Table 1. One problem which has not been addressed might be that strain in the resin is 
not equal to strain in the fibre. Recently, Figueroa et al (1991) have proposed that there 
is in fact a lag. For the present work it has been assumed that this is not significant.
The Weibull shape parameter or modulus is higher for the embedded fibre as we might 
expect due to a flaw healing mechanism (Clarke, 1988) reducing the number of flaws. 
Also some experiment generated errors might be eliminated. The Weibull shape 
parameter is high for XA25 as seen with the single fibre.
Characteristic strength or scale parameter data show exactly the same phenomena as 
with the single fibres, peaking at XA5 and XA25 with a further slight rise at XA100. 
The changes in values are greater and it seems that the effect of the resin is to 
exaggerate this behaviour.
Although it might still seem that the results will be biased by the effect of shear 
strength this is in fact not the case. If a fibre /  resin system has a higher shear strength
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than another then we would expect the fragment lengths to be shorter. However, this 
has occurred at a higher applied stress by which time a system with lower xj would have 
stopped breaking and so the strength/length relationship has not been affected. This is 
demonstrated in Fig. 11 which schematically shows the breaks at increasing applied 
stresses in two fragmentation samples of different shear strengths but possessing the 
same fibre strength. At a certain point the lower shear strength fibre stops breaking and 
the other continues.
4.4.5 Determination of the interfacial shear strength
4.4.5.1 Introduction
The distribution of fragment lengths has been used by many workers to calculate the 
interfacial shear strength by the Kelly/ Tyson model (1965)(Eqn.4.1.7). In order to 
estimate the critical length some workers have taken the mean fragment length L arid 
assumed from Kelly’s original work that the lengths must be distributed between lc and 
lc/2. In this way L = 3/(41c) (Wimolkiatisak and Bell, 1989). However, it has become 
apparent that the fibres themselves experience a strength/length dependency. During 
the test itself the fibre strength will be varying. Even if the strength of a fibre at the 
fragment length is used to calculate the shear strength this will be an approximation 
only. This problem has been discussed in Section 4.2.3.3 where various solutions have 
been presented mainly involving the incorporation of Weibull distributions of the 
fragment length data.
4.4.5.2 The Henstenburg/Phoenix model
One of the techniques discussed was the development of a Monte Carlo simulation by 
Henstenburg and Phoenix (1989b) and Netravali et al (1989). It is based on the 
Poisson/Weibull probability model for fibre failure that characterises the strength in 
terms of the random flaws distributed along the fibre. The mechanical model for stress 
transfer is that of Kelly and Tyson, assuming a constant interfacial shear stress in the 
shear transfer zone and a linear stress recovery. The team also consider a bilinear stress 
recovery model that allows for a zone of debonding. They conclude from this part of the
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study that although the results are useful for obtaining insight into a more realistic 
situation, they prove to be more difficult to implement without additional information.
The assumption of an average shear strength is used for simplicity as Henstenburg and 
Pheonix feel that it does capture the essential nature of stress recovery and as can be 
seen in Fig. 12 it is a good average value of the distribution which is now thought to 
exist. Modelling with this assumption also has the benefit of avoiding subjective non 
linear curve fitting routines or other numerical methods in order to calculate the shear 
strength.
Their model is developed on the basis of a random occurrence of flaws of varying 
strengths along the fibre’s length in a weak-link Weibull model. A Monte Carlo 
simulation was written which involves simulating a fragmentation test in a computer 
and increasing the applied tensile stress in a sequence of discrete steps to produce 
failures. The stress profile of the fibre is determined taking into account the unloading 
around existing breaks along the fibre's length. In this way only certain parts of the 
fibre can subsequently be loaded. A Poisson random number is generated that 
determines how many flaws are uncovered by the next step in stress. The flaws are then 
positioned along the portions of the fibre which can still be loaded using a second 
random number generator. The simulation ends when there are no more breakable 
portions of fibre. The generated data are positions of breaks and the stresses at which 
the breaks are formed, which is essentially the same as the data produced in the present 
study by experiment.
From the simulation, estimates of mean fragment length are determined, subsequently 
converted to dimensionless parameters and their distribution dependent on a Weibull 
shape parameter or modulus and specimen gauge length. If this latter is chosen to be 
sufficiently long then its effect will be negligible. The mean fragment lengths are used 
to calculate a correction factor which can be inserted into the Kelly Tyson model 
(Equation 4.1.7) as follows, for calculation of interfacial shear strength
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where df is the fibre diameter, oc is the characteristic strength or Weibull scale 
parameter at gauge length average fragment length L and (Aw/2)^w+^ w = correction 
factor in which Aw is the estimated mean dimensionless fragment length and w is the 
Weibull modulus.
4.4.6 Results and Discussion
Calculated values of the correction factor for the Weibull moduli determined in Section 
4.4.4 have been taken from Fig. 13 (reproduced from Henstenburg and Phoenix, 1989) and 
are displayed in Table 1. They are quite similar to the factor 3/4 which has been used 
in the past but will still make noticeable difference to the results. Henstenburg and 
Phoenix mention that tensile tests on single fibres are required to generate the 
necessary strength data but in the present case the in-resin strength parameters from 
Table 1 have been used. The values of xj subsequently determined are also displayed in 
Table 1 and are plotted against surface treatment level in Fig. 14.
The data indicates an increase of bond strength with increasing surface treatment up 
to XA25 followed by a decrease. There is also an apparent drop at XA10, and a final 
increase at XA100. These results may be seen to be dependent on the strength of the 
fibres.
The strength data for in-resin fibres show similar trends as a result of surface 
treatment to the fibres in free air. These effects were discussed in Section 2.3 where 
it was proposed that level 5 corresponded to a strength increase due to the removal of 
loosely adherent debris from the surface. Level 25 was then thought to have a higher 
strength due to the smoothing of the protruding platelets which were uncovered by the 
removal of a weakly bonded layer at about lOCm . The possibility was introduced of 
this layer removal reoccurring by some other mechanism at XA100.
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It is proposed that the values of shear strength may be partly explained by these 
phenomena. The shear strength values would be expected to be low before the outer 
layer has been removed but increase up to XA10, possibly due to the additional 
functional groups (see Section 2.6). A t XA10 the value may drop because the layer has 
been loosened but not fully removed or it may be that the chemical groups are removed 
with the layer. At XA15 there is a higher shear strength which may be due to the 
increased number of edge sites and layer removed and at XA25 further functional groups 
may have formed on these sites. It is unclear what may happen after this level but if 
the surface is pitting then the shear strength may increase due to additional bonding 
sites or decrease as the platelets remain as islands and may shear off. This latter has 
been observed by Marshall and Price (1991).
If we now consider the median fragment length from the cumulative frequency chart 
plotted against surface treatment level in Fig. 7, we see that there is a relatively 
smooth decrease in length with increase in treatment. A t this point no account of 
strength has been made. If we consider that XA5, XA25 and XA100 are stronger than 
other fibres, then relationship 4.1.7 indicates that a higher shear strength is needed to 
break the same length of these fibres. The cumulative frequency chart takes no account 
of this and assumes the same strengths. If  the strengths were the same the distributions 
would be shifted to even shorter lengths.
4.4.7 Conclusions
The fragmentation tests can be used as a sensitive indicator of changes at the interface. 
Cumulative frequency distributions of fragment lengths were shifted to lower lengths 
with increased treatment up to 25Cm followed by a levelling. Shear strength values, 
calculated using a modified version of the Kelly/Tyson model from these lengths, 
demonstrated an increase up XA25, also suggesting that this is the optimum treatment 
level for adhesion.
A further important result is the development of a Weibull based model to determine 
the strength of the fibres in resin from data generated during the fragmentation test.
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This provides a more accurate value with which to calculate shear strength data. It also 
generates information on the mechanical behaviour of fibres in resin in comparison to 
free air. The fibres in this case exhibited similar trends with degree of surface 
treatment.
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Level
Cm"2
Fragment 
length 
L (mm)
Corr. 
factor
Mean
Diara
(jim)
Fragment
strength
(GPa)
T.
• i
(M Pa)
L max 
/min
0 0.93 0.90 6.80 4.3 14.0 3.0
1 0.80 0.82 6.80 5.0 15.7 3.0
3 0.57 0.86 6.80 6.0 30.8 4.0
5 0.50 0.86 6.85 6.8 40.0 3.0
10 0.48 0.82 6.85 5.5 32.2 3.0
15 0.37 0.87 7.00 6.0 54.3 3.0
25 0.35 0.83 6.90 7.6 62.2 4.0
50 0.32 0.87 . 6.76 5.7 52.4 3.5
75 0.31 0.81 6.96 5.1 46.3 4.0
100 0.31 0.87 7.07 6.6 65.5 3.5
Table 1. Interfacial shear strengths calculated from fragmentation test results
Treatment
Level
(Cm-2)
Weibull
modulus
Strength
1mm
(GPa)
Strength
12mm
Strength
30mm
Strength
75mm
0 4.0 4.2 2.3 1.8 1.4
1 6.8 4.4 3.0 2.3 2.3
3 6.1 5.5 3.7 3.2 2.7
5 5.6 6.0 3.8 3.3 2.8
10 6.7 5.0 3.4 3.0 2.6
15 4.8 5.4 3.2 2.6 2.2
25 6.3 6.4 4.3 3.7 3.2
50 4.9 4.5 2.7 2.2 1.9
75 7.8 4.4 3.2 2.8 2.5
100 4.7 5.1 3.0 2.5 2.0
Table 2. Strength and Weibull moduli of in-resin strength determined from 
fragmentation tests
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4.5 FRACTOGRAPHY
4.5.1 Introduction
Knowledge of the way in which the fibre debonds from the resin, whether at the 
interface or in the fibre or resin is important to our understanding of adhesion. There 
would be no advantage in increasing the fibre/ matrix bond if the failure is not 
interfacial. The failure mechanisms with untreated and treated fibres were studied 
during the fragmentation tests and also by surface analytical techniques.
4.5.2 A summary of previous work
It has been concluded from limited work carried out on the failure path in composite 
materials that in many systems untreated fibre/resin fails adhesively at the interface 
but treated fibre/resin fails cohesively in the resin. Denison et al (1988a,c) have shown 
using SIMS that certain negative ions could act as markers for the resin and fibre 
separately and that there was evidence of a resin overlayer on the fractured treated 
fibre composite surface. Cazeneuve et al (1989) obtained similar results for their studies 
with AES and EDX and V.G.Scientific (1989) have concluded using iXPS that cohesive 
failure occurs with treated fibres.
In contrast, Drzal and Madhukar (1990c, 199lb,c) have claimed that with unsized, treated 
fibres ( as the above ) the failure is interfacial up to a point where the adhesion 
becomes so high that the matrix will fail. However, the tests were performed on surface 
treated fibres to show intermediate adhesion and on surface treated and sized fibres to 
give high adhesion. The size increased the adhesion by creating a brittle interphase zone 
which has a higher modulus and will transfer stress more efficiently. However due to 
its brittle nature matrix cracking is more likely to occur. Therefore, the likelihood of 
cohesive failure in the resin is higher for this reason rather than as a result of excessive 
adhesion.
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The failure in the untreated fibre composite has generally been assumed to take place 
at the interface. Drzal and Madhukar however, have recently concluded from 
experiments using ultramicrotomed sections and TEM that failure is through the outer 
layer of the untreated fibre. Curtis (1976) also observed during fragmentation tests that 
a layer of graphite remained in the socket after the untreated fibre had broken and 
pulled back from the failure zone.
4.5.3 Fragmentation tests
The fragmentation process was studied continuously under transmission optical 
microscopy until the last fracture had occurred. Failure processes could be observed in 
situ. As the matrix material is birefringent, it was possible to observe a difference in 
the stress patterns between treated and untreated fibres.
During testing of the fibres once a break has occurred a region of highly stressed matrix 
is visible at the fibre ends and extends either side of the break. On further straining, 
this stress redistributes itself along the fibre slightly and where it ends another fibre 
break may occur. This is the ineffective length and may also be partially or completely 
debonded.
The untreated fibre breaks appear as seen in Fig.la. At the crack, there is a region of 
light visible in the centre of the fibre. It appears that the light region is an area where 
the fibre has broken and pulled back and the dark edges are the debonded zone or the 
outer layer of carbon fibre. This latter would correspond to the idea that cohesive 
failure in the fibre is causing the lower interfacial shear strength. The stressed region 
in the resin adjacent to the fibre can only be seen far from the crack since the debond 
length has extended to this point.
The treated fibre breaks were very different as can be observed in Fig. lb for the 
different levels of treatment. Up to XA25 there is an increasing tendency towards the 
treated failure mode. This is where the fibre breaks and a gap is observed but this time 
the energy is not dissipated along the interface as with the untreated fibres but mostly
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into the matrix. A typical penny shaped crack is formed, with two outer conical cracks. 
The failure mode changes from interface failure, as in Fig.la, to partial resin crack, 
shown in Fig.lb(i), to full resin crack, Fig.lb (ii,iii), as the treatment level increases.
Wadsworth and Spilling (1968) in their initial work in this area found this same 
phenomenon, with the untreated fibre sliding back into a hole leaving a narrow gap 
between the fibre and the resin. They also found that the treated fibre, which was 
strongly bonded to the resin, broke and stress was relieved by a short radial crack in the 
resin. Mullin et al (1968) observed these two modes of failure with ceramic fibre 
composites.
4.5.4 Fractogranhv using surface analytical techniques
4.5.4.1 Introduction
In order to investigate the present system small area XPS (SAX) and imaging XPS (iXPS) 
were employed and their potential for fractographic examination assessed.
4.5.4.2 Small area XPS (SAXS)
A preliminary attempt was made at studying the failure mechanism with untreated 
fibres by simulating the debonding at an interface. Fibres had to be embedded in a 
medium which was detectable by XPS and distinguishable from the fibre. Molten solder 
was poured onto the fibres and when solid, pulled off. It was felt that if any graphite 
platelets had been left on the surface of the solder, it would be easier to identify them 
here than on resin which is made up of the same constituents as the fibre. However, it 
was not possible to distinguish carbon fibre present from carbon contamination. Either 
this latter masked any trace of fibre, or more likely, the bond between the fibre and 
solder was not large enough to initiate a cohesive failure within the fibre.
SAX was then employed to study the surface of resin after fibres had been pulled from 
it to see if, after all, it might be possible to discern the resin and fibre. The grooves 
where the fibres had lain were still visible but there were no apparent traces of fibres
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remaining. An area of approximately 1mm was tested by using an aperture designated 
B2 with an iris half closed and then an area of 125pm (aperture A2) and a fully closed 
iris. The resulting Cls peaks were deconvoluted with the computer curve fitting routine 
and compared to a sample of fractured pure resin.
The first scan did not produce any significant changes in the peak but the conditions of 
the second scan enabled a clear additional peak compared with the pure fractured resin 
(see Fig 2 ) to be deconvoluted on the lower binding energy side. After allowing for a 
shift due to charging, this additional peak was located at 283.5 ev and was attributed 
to the fibre remaining on the resin after fracture.
4.5.4.3 Imaging XPS
To demonstrate further the mode of fracture of the untreated fibre /  resin composite 
and the effect of the increase in acidity with surface treatment on this mechanism, 
imaging XPS was employed which has the ability to focus on much smaller areas of the 
fibre surface. The technique has been briefly explained in Section 2.5 and the 
ESCASCOPE VG Scientific instrument was utilised in the present work.
Tows of two fibre types, untreated XAU and XA25, were embedded in the control epoxy 
resin. The fibres were then pulled out and arranged in the analysis chamber so that 
single fibres of XAU and XA25 could be imaged simultaneously. Spectra were recorded 
with Mg k alpha radiation with a step size of O.lev and a pass energy of lOOev . The 
spectra are shown in Fig.3 for the two fibre types, obtained from a single fibre of each. 
A shift can be seen from untreated to treated by about 3.0 ev which is not observed in 
their as received condition. Taking the two peak energies 283ev and 286.5ev the fibres 
were imaged. Fig. 4 displays the images produced, treated and untreated fibres as 
labelled. Comparing the images of the fibres in Fig.4 (in Fig.4a. high energy is green 
and in Fig.4b. high energy is red) we see that the treated fibres have a greater intensity 
of the higher energy electrons. The untreated fibres show a patchy effect with some of 
each energy electrons produced along the tow length but the treated fibres emit only 
high energy electrons. This is thought to be due to an electrostatic shift of the Cls peak 
rather than a chemical shift of any kind. One explanation of this may be that the
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treated fibres have a covering of non conductive resin on the surface. If resin residue 
remains after pull-out this tends to suggest a cohesive failure mechanism for the 
treated fibre, compared to the untreated fibre which has no such complete coverage.
The SAX study has indicated that after pulling fibres from a resin matrix, a trace of 
carbon at 283.5ev was observed on the spectra which could not have been carbon in the 
resin or contamination. The iXPS work produced a spectra with a peak at 283ev which 
was associated with XAU fibre after pulling out of the same resin matrix material. It 
seems therefore that there is a real effect producing this peak. This energy is only 
found after pull-out and not before embedding the fibre and it seems reasonable to 
assume that it is associated in the SAX work with a weak layer of carbon which has 
been stripped off the surface during pull-out. In the iXPS work it is associated with the 
underlying layers of carbon left after this weak layer has been removed. The structure 
of the fibrils at the interface between the weak layer and the remainder of the fibre 
appear to be producing this low binding energy. The peak has been observed before with 
carbon fibres (Barber and Swift, 1970) and was also seen as a shoulder on the main peak 
after grit blasting fibres (Moyer and Wightman, 1989). The authors suggested in that 
case that this was due to charging but it may in fact have been a similar effect to that 
observed in the present work. A peak at 283ev has also been observed several times on 
XPS peaks of carbon fibres by Jones (1990) but no attempt has been made to explain this 
phenomenon.
4.5.5 Summary
The present work has demonstrated using iXPS, that failure in the treated fibre 
composite may be cohesive, as there appears to be the presence of an overlayer of resin 
after fracture. Fragmentation tests displayed a change in fracture mode from untreated 
to treated fibres. Increasing levels of treatment encouraged a greater tendency to crack 
the matrix in disc shaped cracks around the fibre failure rather than to form a debonded 
zone along the interface. Examination of the fibres after pull-out tests showed no major 
differences between the two types of fibre except that there was generally more resin 
debris on the fibre after pull-out. If there was a fine overlayer of resin after cohesive
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failure then this was not observed in the SEM.
One numerical method of examining whether cohesive failure in the resin is likely to 
occur is by comparing the interfacial shear strength to the strength of the resin. For 
both fragmentation and pull-out tests the interfacial shear strength at level XA25 is 
above 60MPa and the tensile strength of the resin is approximately 50MPa (as shown in 
Table 1 of Chapter3) so the resin would fail preferentially.
The SAX study and iXPS examination of untreated fibre composites seemed to suggest 
that there was a cohesive failure within the fibre and that a weak outer layer was 
shearing off. Fragmentation tests indicated that the untreated fibre pulled back slightly 
on failure and that debonding of some description occurred rather than resin failure. 
Examination of the pulled out fibres in the SEM after pull-out tests again showed no 
difference from the treated fibres. If a layer of graphite had been removed there was 
no way of knowing.
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a. untreated fibre
Fibre pulled back in socket
b. treated fibre i- intermediate treatment level,
ii-well treated fibre Matrix crack
Fig.1. Fracture modes associated with fibre failure during a 
fragmentation test.
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5 ADHESION AT THE INTERFACE
5.1 INTRODUCTION
The investigation of the adhesion mechanism at the interface in composite materials 
has been the subject of continued discussion and debate. The factors contributing to the 
bond may be mechanical, physical or chemical or more likely a combination of the 
three. Available methods used to determine some of the characteristics that contribute 
to these mechanisms have been introduced in the previous section. It is now important 
to examine some of the relevant results and conclusions of other workers.
5.2 THE CHEMICAL /  MECHANICAL INTERLOCKING DEBATE
The effect of surface chemistry on adhesion has been studied widely. Horie et al (1976) 
concluded from their work that both hydrogen bonding and covalent bonds exist between 
the resin and the fibre. Thomas and Walker (1978) correlated nitrogen and oxygen 
concentration of commercially treated fibres with interlaminar shear strength (ILSS). 
Additionally, de-treatment by heating in argon showed a reduction in the concentration 
of chemical groups as well as ILSS values. It was further established by Bascom (1988) 
that the adhesion strength of commercially treated fibres increased as the O/N surface 
element ratio decreased. Harvey et al (1987) found that only fibres treated in nitric acid 
and not anodically treated high strength fibres, showed correlation of C/O ratios or 
COOH groups with ILSS results. Recently, Fitzer and Rensch (1990) proposed that the 
improved adhesion is due mainly to chemical interaction.
A series of papers by Waltersson (1982,1985a,b) using XPS indicate that both epoxy and 
amine hardener may be covalently bonded to high strength commercially treated fibre 
surfaces. Jian Jun et al (1988) confirmed using gas chromatographic techniques that 
surface groups on the fibre react with epoxide by bonding covalently. Denison et al 
(1988a) also established that resin components bond strongly to the surface. Recent 
SIMS work by Alexander and Jones (1991) indicated that reactions at the surface of
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fibres with DGEBA leads to the formation of a surface monolayer.
In contrast, Rand and Robinson (1977b) showed using flow calorimetry that it was more 
likely that there would be covalent bonding of the fibre via the amine curing agent than 
with the epoxy. Fitzer et al (1980), Garton et al (1988a,b), Barbier et al (1990) and Drzal 
et al (1983c) demonstrated that the amine hardener or catalyst did indeed bond to the 
fibre and form a link with the resin. Drzal (1983c, 1990b) has pointed out that a higher 
hardener content gives improved stress transfer due to a higher shear modulus, 
therefore the increase in bond strength may be due more to this effect than to chemical 
bonding. Drzal (1990a) has recently continued with the study and found that both the 
resin and the hardener reacted with the interface.
The most common method of assessing the relative importance of the mechanical and 
chemical contributions to the fibre/matrix bond has been by heating the fibres either 
in vacuum or in hydrogen to remove chemical functionality and then observing the 
difference in the interfacial shear strength and the surface properties. Herrick (1968), 
for example, found no change in the surface area of nitric acid treated fibres but a 
decrease in chemical functionality with hydrogen heat treatment and a corresponding 
decrease in adhesive properties measured by composite shear strength. He concluded 
that fibre surface chemistry was therefore the overriding factor. Donnet and Ehrburger 
et al (1977,1978) found that the adhesion (measured by ILSS) of anodically etched high 
strength fibres was reduced by vacuum heat treatment although not down to the level 
of untreated fibres. They concluded, therefore, that the improvement was due only 
partially to chemistry. Fitzer et al (1980) found the ILSS of composites containing nitric 
acid treated high strength (type II) fibres to be inferior to treated high modulus (type 
I) fibres. They concluded from their studies using titration, BET and wettability methods 
that mechanical interlocking had no significant effect on adhesion.
Drzal et al (1982) proposed that fibre surface area had no part to play in the bond 
strength of anodically, commercially treated fibres. They discussed the idea of a weakly 
bonded outer layer being removed by the surface treatment, a postulation also 
considered by Kalnin (1979) in his review of surface treatments. The heat treatment in
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hydrogen to remove the chemical groups on the fibre produced only a 16% reduction in 
the inter facial shear strength as measured by fragmentation tests for high strength 
fibres. Similar behaviour was found for high modulus fibres. Further work by Su et al 
(1988) has shown that cold plasma treatment improves adhesion by modification of the 
shear strength resistivity of a weak outer layer. Robinson et al (1985, 1986a) showed 
an increase in oxygen levels up to 2 to 3 times the standard treatment of XA fibres with 
a reduction after this. They concluded that this must be due to the removal of an outer 
amorphous layer, which is more easily oxidised.
Chemical blocking of the surface functionality by Fitzer and Weiss (1983) showed a 
decrease in adhesive strength, as measured by ILSS, for high modulus fibres treated in 
nitric acid and other commercially treated fibres. Once again, the blocking mechanism 
only partially reduced the strength and the remainder was thought to be due to 
functional groups inactive against blocking. However, their surface area results 
indicated good correlation with ILSS data and this may be the other contributing factor. 
Hoffmann et al (1985a) demonstrated with a variety of surface analytical techniques 
that chemical interaction was more important than an increase in area.
Measurements of active area by oxygen chemisorption, surface oxygen concentration 
by XPS and surface roughness were carried out by Shindo (1986) on commercially 
treated PAN-based fibres. Interfacial shear strength (determined by fragmentation 
tests) was shown to increase with the rise of active surface area and surface roughness. 
However, on heating the fibres in hydrogen to remove the surface functionality, the 
values of shear strength did not reduce to those of untreated fibres but by 16% for high 
strength fibres, the same as was found by Drzal et al (1982). Shindo concluded that the 
increase in surface area with treatment was the most important factor and therefore 
the improvement in bond strength was by mechanical interlocking. Results for the high 
modulus fibres showed an increase in adhesion with heat treatment, even though the 
oxygen concentration had been reduced to below that of the untreated fibre. This was 
thought to be because of an increase in surface area associated with the heat treatment 
to remove the functional groups. In the light of these results, it can be seen that other 
authors who concluded that the removal of functional groups was a controlled process
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and that all other factors remained constant, may have been in error.
Jager (1987) endeavoured to explain the residual improvement in high strength fibre 
composite ILSS after heat treatment. No surface area change was observed and it was 
postulated that the adhesion was due to nitrogen on the fibre surface reacting with the 
resin.
The actual mechanism of adhesion is obviously still unclear. However, it should be noted 
at this stage that many authors make the mistake of comparing unlike fibres and 
dissimilar treatments. Generally, however, it appears that mechanical interlocking is 
of lesser importance and that the improvement in adhesion is largely due to chemical 
bonding, although a weak layer may first be removed from the fibre surface. The actual 
chemical reactions that exist are not well understood but may involve both epoxy and 
amine constituents of the resin.
There is also a problem in comparing results which have been obtained using different 
testing techniques. Drzal and Franco (1991) have made a comparison of six tests used 
to study the properties of the interface. Their overall conclusion was that results varied 
considerably depending on the test.
5.3 PHYSICAL ADSORPTION AND WETTING
Efforts have been made to establish correlation between surface energy and the acid- 
base character of the surface and interfacial shear strength. Schultz (1988) introduced 
the concept of a ’specific interaction parameter,’ mentioned in Section 2.4, which 
describes the acid base interaction between the fibre and the matrix, measured by 
inverse gas chromatography. They have shown a strong correlation between shear 
strength (as measured by fragmentation tests) and this interaction parameter and have 
concluded that interfacial adhesion results principally from acid-base interactions. The 
contribution to adhesion of physico-chemical interactions as well as chemical bonds and 
mechanical interlocking has been studied by Nardin and Ward (1987) for polyethylene 
fibres in epoxy resin. They concluded that when only weak chemical interactions are
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established between the fibre and the matrix, the contribution to the shear strength 
from the physical bonds is linearly related to the surface energy of polyethylene.
Nardin and Schultz (1990) have since combined their ideas to develop a correlation 
between the interfacial shear strength measured by fragmentation and a reversible work 
of adhesion between both solids. The work of adhesion is defined as the sum of the 
dispersive and acid-base interactions between the fibre and the matrix. A linear 
relationship is found, indicating the dominance of physico-chemical bonding over the 
adhesion mechanism. However they stress that this is the case only when no polar 
interaction is present. It also assumes that no interfacial layer or interphase should 
exist.
From their studies on XA fibres detailed in previous sections (2.4, 2.5), Robinson et al 
(1985, 1986a,b, 1987, 1989) concluded that wetting alone could not explain the 
improvement in adhesion after surface treatment of the fibres.
5.4 SUMMARY OF CONTRIBUTIONS TO ADHESION
5.4.1 Contribution of the fibre
An analysis of the above work and a review by Wright (1990) has lead to the following 
summary of the effects of modifications to the fibre by surface treatment on the 
adhesion with epoxy resin:
a. There appears be an insignificant change in the surface area of the 
fibres with treatment and no correlation with adhesion 
improvement.
b. A weak layer may be removed and this is actually the most 
plausible reason for adhesion improvement.
c. There is no significant change in surface energy and although there 
is an increase in the polar component, this is not relevant, since 
wettability is sufficiently good with untreated fibres.
d. Chemical modification takes place forming carbonyl, carboxyl and
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hydroxyl groups but there is controversy over whether bonding 
occurs between the fibre and the resin and hardener and whether 
the nitrogen groups on the fibre surface are important.
5.4.2 Contribution of the resin
Although there has been less work on the contribution of the resin to the bond strength, 
some of the generally accepted theories are considered in Chapter 3. These include: 
shrinkage of the resin onto the fibre, shear modulus and stress transfer considerations, 
viscosity affecting mechanical interlocking, physical wetting requiring the matching of 
surface energy components across the interface and chemical bonding considerations, 
i.e.whether the resin or the hardener has the main influence.
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6 DISCUSSION
6.1 INTRODUCTION
In the present work, the carbon fibre surface has been characterised and the 
improvement in adhesion to epoxy resin determined after increasing levels of 
electrolytic oxidation have been applied. The resin has also been studied for its 
contribution to the formation of a bond at the interface. Previous work has been 
reviewed in order to clarify present understanding of the adhesion improvement with 
fibre treatment. It is now necessary to consider the combined results of each 
experimental section in the present study with regard to existing theories.
Firstly, the effects of treatment on the fibre itself will be discussed in terms of surface 
structure and chemistry. After this the relevance of these effects to the improvement 
of adhesion will be considered, thus generating a model for the adhesion with treated 
and untreated fibres. The way in which this influences the interfacial fracture will be 
discussed, i.e. whether the composite fails cohesively in the fibre or resin or adhesively 
at the interface. Finally, some ideas on the stress transfer mechanism as a result of the 
improved adhesion will be considered.
6.2 THE EFFECTS OF SURFACE TREATMENT ON THE FIBRE SURFACE
The fibres were treated up to the optimum adhesion level, XA25, determined by 
fragmentation and pull-out tests. In this way it was possible to monitor changes in 
properties of the fibre to determine the reason for improvement. We also studied levels 
well over this in order to look at the effects of 'overtreatment'.
Firstly, the mechanical properties of the fibres were considered. A strength/length and 
strength/diameter dependency of single fibres was described on the basis of a Poisson 
distribution of flaws. Changes in the strength and Weibull modulus as a function of 
surface treatment and possible structural changes which might cause this behaviour 
were then considered. Similar trends with surface treatment were found for in-resin
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tests. The proposed model of modifications to the surface will be presented below.
Physical properties concentrated on surface energy, the polar component of which was 
found to increase with an increase in treatment up to and beyond the optimum adhesion 
level, XA25. There is no correlation with the adhesion data and therefore it was 
considered that there was no significant contribution from an improved wetting. The 
polar component of surface energy was sufficient for the untreated fibre to be wet by 
the resin.
A study of the fibre surface composition indicated that there was an increase in the 
oxygen and nitrogen levels but these did not correlate with adhesive behaviour. A new 
technique was developed, employing adsorption isotherms for the study of surface 
acidity and it was established that this increased with surface treatment, saturating at 
the optimum adhesion level. The isotherms also indicated a trend towards chemical 
bonding with increased treatment and this was confirmed by studies of Auger 
parameters of the labelling atoms on the fibre surface. Multi- isotherm behaviour was 
explained on the basis of structural changes and these will be considered in the model 
proposed for surface modification with treatment.
Those levels at which important surface changes are occurring are evident in all studies. 
The schematic diagram of a model which has been derived to explain some of the 
phenomena observed in the above studies is shown in Fig.l and shows these important 
levels of treatment. The line AA gives an indication of the outer surface level.
At this point, for each treatment level, the basic properties will be introduced and then 
the proposed surface modifications, which may explain these property changes, will be 
discussed.
XAU - The strength and Weibull moduli are low and the suspected bimodal behaviour 
suggests that at least two flaw types are present. The adsorption isotherm and Auger 
parameter studies indicated the presence of more OH groups than COOH. It is likely 
that the surface consists of loosely adherent graphite particles which may possess edge
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sites or basal planes and these have undeveloped acidity levels.
XA5 - This fibre is stronger, with higher Weibull modulus. Unimodal behaviour is 
observed and this is indicative of a single flaw type. It is therefore assumed that much 
of the loosely adherent material has been removed. Oxygen and nitrogen levels have 
increased but acidity values have not been ascertained.
XA10 - The fibre strength is lower and there is more scatter on all data compared to 
untreated fibre and other treatment levels. Bimodal behaviour again suggests more than 
one flaw type and the existence of a dual magnesium isotherm has indicated that there 
are regions of the tow behaving differently from the rest. There is a higher COOH 
content than on the surface of the untreated fibre and this may be in flawed areas or 
on smooth surface layers creating different bonding situations. There is more evidence 
for chemical bonding compared to physical bonding than for the untreated fibre. 
Evidently the fibre surface has been altered quite significantly. It is suspected that the 
outer layer of graphite, which may be more oriented and poorly bonded to the other 
layers, is lifting off at this treatment level. In some parts of the tow it will have been 
completely removed and in other parts it will remain attached due to the non-uniform 
treatment process. This would explain some of the above described scatter.
The underlying layer probably consists of graphite planes protruding from the surface 
and these act as crack intitiators so the strength will drop as a result. Oxygen will form 
more easily on this new surface but some will have been removed with the weak layer 
and this explains the plateau in the oxygen content versus treatment plot (Fig. 13c, 
Section 2.6).
XA25 - The strength of the fibre has increased and scatter on data is reduced. The 
Weibull distribution is unimodal once more, which we assume to be associated with one 
flaw type and there is one single type of Mg adsorption behaviour. Pull-out tests with 
fibres embedded in opposite directions confirmed the proposed model whereby graphite 
platelets protrude at an angle. Acidity, in the form of COOH, is higher still and this is 
bonding chemically with the Mg as shown by isotherms and Auger parameters. It is
172
proposed that at this level the protruding platelets have been polished and smoothed but 
still protrude and are no longer acting as critical flaws but have abundant sites for 
bonding.
XA75 - The fibre strength has dropped again and bimodal behaviour is suggested which 
would again indicate more than one defect population. Three types of adsorption exist 
but acidity has not increased overall. It is probable that pitting of the surface may be 
starting to occur by this level. The pitting may widen pores and leave areas of 
protruding platelets as islands (Marshall and Price, 1991). This effect appears to be 
greater in certain areas of the tow compared to others and is probably due to the 
inconsistency of the electrolytic treatment.
XA100 - All properties are similar to that of the XA75 fibre and it is assumed that the 
pitting process is still occurring.
XA400 - The Weibull distribution seems to be unimodal once more, indicating a 
reduction in the number of different defect types. Adsorption behaviour is also singular 
but overall acidity levels are unchanged. There is a possibility that another layer, which 
was more strongly attached, has been eroded by the pitting action leaving an underlying 
layer where acidic groups can form on the edge sites.
This model, although difficult to prove in its entirety, does contain aspects which have 
been observed by previous workers. The idea of a weak layer being removed is far from 
new (as discussed in Section 5). Marshall and Price (1991) and Klinklin and Guigon (1991) 
observed the protruding platelets at optimum treatment level with basal layers at the 
surface of untreated fibres. Pitting has been observed by Robinson et al (1986a) at 3 to 
4 times the standard treatment (XA75 - XA100).
These phenomena appear to be fairly consistent with the literature. What is more 
speculative are the explanations for the multi-isotherms. These are based on the 
assumption that fibre treatment is irregular and that fibres of the same nominal 'level1 
have been affected to a greater or lesser degree. Fluctuations in the treatment have
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been observed and with the high level of reaction in the electrolyte bath at increasing 
treatment levels, (much evolution of gas was observed) it is very likely that different 
areas receive different amounts of treatment.
6.3 ADHESION MECHANISMS
6.3.1 Introduction
The results that have emerged tend to suggest that the mechanism of adhesion between 
the untreated fibre and the resin is quite different compared to the adhesion between 
the treated fibre and the resin. The previous section has suggested the modification to 
the fibre surface properties which may have induced that change. What will be discussed 
now is the adhesion of the fibres in the light of experimental work reported in Chapter 
3 which considered the contribution of the resin.
6.3.2 Resin contribution
Workers in the past have concentrated on the fibre contribution to the bond and many 
aspects of the resin contribution, although known to exist, have been largely neglected. 
In the present work, changes in mechanical properties were found primarily to affect 
the bond strength of untreated fibres. A resin with a higher shear modulus did form a 
more effective bond with the untreated fibre, (mean fragment lengths reducing from
0.93mm to 0.65mm) as predicted by the Cox model (1952) but not with the treated fibre 
(mean fragment length 0.31mm). This is possibly because the treated fibres are 
affecting the cure of the resin in the interphase zone and the modulus here may remain 
unchanged. It was also proposed that a lower resin viscosity may encourage penetration 
into pores which are narrower for untreated fibres.
We cannot ignore the possibility of the above contributions but neither can we draw 
firm conclusions from them. What is more important is the effect of the shrinkage 
pressure on the bond strength. It was demonstrated that the adhesion with untreated but 
not treated fibres improved with a higher post cure temperature which should have led
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to a higher shrinkage stress. This may have affected the treated fibres also but the 
change could be insignificant considering the strength of a chemical bond which 
probably exists.
Physical and chemical effects were less well defined. The wettability was considered 
to be satisfactory for the untreated fibre and thus not a consideration in the 
improvement in adhesion strength with surface treatment.
With the addition of extra hardener, the treated fibre but not the untreated fibre bond 
strength was decreased. Fewer chemical groups were available for bonding but it may 
also be that preferential adsorption of the excess hardener onto the fibre leads to a 
weak, brittle interphase layer. Subsequent failure may be then within this layer and not 
interfacial. Whatever the actual mechanism, it would appear that bonding of the treated 
fibre is more dependent on chemical effects than the untreated fibre.
6.3.3 Untreated fibre
The only definite conclusion to be drawn from the above study on resin is that there is 
a relation between the shrinkage pressure and the interfacial shear strength (measured 
by fragmentation) with untreated fibres. It is probable that once a strong chemical bond 
has formed this no longer has such a great influence. Pull-out tests showed that the 
shear strength induced by friction was similar for each fibre type but the ratio 
is much lower for the untreated fibres (treated fibres at 5.4 and untreated at 3.5). It 
was further demonstrated in Section 2.6 that there was a lower amount of acidity on 
the untreated fibres (determined by the adsorption isotherm studies) and of a different 
type compared to the treated fibres. It would appear that the mechanism of adhesion 
with untreated fibres is mostly a mechanical force of pressure causing Coulomb friction 
which prevents movement of the fibre with respect to the resin. In addition there may 
be a low number of chemical and physical bonds.
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6.3.4 Treated fibre
6.3.4.1 Introduction
The mechanism of adhesion changes with the application of surface treatment, as 
indicated by the increase in adhesion strength. We have already discussed the effect of 
the surface treatment on the fibre surface and so it is appropriate to relate these 
modifications to the improvement in bond strength. As the fibre has been treated at 
small increments of specific charge it should be possible to correlate any structural or 
chemical surface differences with the new adhesion level.
The treatment process increases the average interfacial shear strength as determined 
by the fragmentation test (Table 1, Chapter 4.2) and the interfacial shear strength from 
crack initiation and fracture toughness from crack propagation during the pull-out test. 
These were shown to increase up to level XA25 and then to level off, exhibiting no more 
improvement in properties with increase in treatment past this level. There was also a 
slight peak in shear strength measured by the fragmentation test at XA5 (pull-out tests 
were not performed at this level).
6.3.4.2 Relation between fibre modifications and adhesion improvement.
It is now appropriate to relate the changes in adhesion to the modifications to the fibre 
surface as discussed in Section 6.2.
Taking the first step, from XAU to XA5, it is considered that loosely adherent material 
has been removed, leaving a more secure surface. Although the acidity has not been 
determined for this fibre, the oxygen content was found to rise and the acidity is likely 
to be also increasing. The fibre would appear, therefore, to have a higher adhesion shear 
strength measured by fragmentation tests (t j ) as a result of the newly polished, more 
stable surface with increased bonding potential.
With further treatment to XA10, it has been postulated that a weakly-bonded layer of 
material is starting to lift off. Acidity is higher than with the untreated fibre and the 
tendency to form covalent bonds is higher. The adhesion shear strength determined by
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fragmentation shows an increased bond compared to the untreated fibre as does the 
fracture toughness and shear strength determined by pull-out. This may be because of 
the increased acidity. However, there is a slight drop in xj from XA5 to XA10. This may 
be because the weakly bonded layer has been partially removed and will shear off very 
easily.
By XA25 it was suggested that the weak layer has been completely removed and there 
is a new underlayer of overlapping graphite planes protruding at an angle which have 
been smoothed to a certain degree, creating many locations suitable for bonding. There 
is also increased acidity and the tendency to bond covalently to the resin is higher. The 
adhesion strength, measured by both interfacial test methods, is noticeably higher and 
seems to be as a result of these two effects.
The strength of the bond remains high after this treatment level but does not increase 
further. Fragmentation tests show a slight drop and increase at higher levels and the 
reason for this is not clear. It is proposed that the surface of the fibre begins to pit 
slightly at about XA75 to XA100. The acidity level remains constant overall although 
the locations for bonding are thought to be very random. The possibility of a new 
surface for bonding at XA400 has been described but no adhesion strength measurements 
have been made at this level.
The relation between the shear strengths and fracture toughness of the interface and 
the acidity levels are shown in Fig.2 and there is reasonable correlation. There is no 
reason to suppose that the relation would be linear but it is likely that there is a 
connection between acidity levels and the fracture toughness, Gjc, and bond strength, 
x^, as measured by pull-out tests, since these are related to bond breaking. In fact, the 
correlation is better with the fragmentation test shear strength, xj. This suggests that 
xj for the treated fibres is also influenced by bond breaking and little affected by 
friction. The shear strengths measured from these tests will be discussed further below.
It is difficult to show the possibility of the weak layer effect graphically and the 
interim levels between XAU and XA10 have not been characterised in pull-out tests or
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for acidity. However, there is an obvious reduction in the shear strength at XA10 
measured by the fragmentation test which may be significant as described above.
6.3.4.3 Adhesion mechanism
It would appear that the adhesion mechanism with the treated fibre at optimum 
treatment level, XA25, is mainly by chemical bonding to acidic groups on the surface. 
The treatment appears to have removed a weakly bonded outer layer of graphite, 
leaving a stable surface with smoothed protruding sheets, enabling many bonding sites 
to develop.
The conclusions of the literature to date on this problem, discussed in Chapter 5, 
suggested that the weak layer removal was the most likely reason for the improvement 
in adhesion. This is in agreement with the present work. Additionally, it was concluded 
that wetting was not a problem although the fibre did see an increase in polar content 
of surface energy. This was demonstrated with the present fibre/resin system. In the 
literature there was some controversy as to whether chemical bonding actually takes 
place, even though the chemical modification of the surface by the treatment was 
verified. Once again, the development of the surface functionality has been confirmed 
but additionally a strong correlation has been found between the acidity and the bond 
strength. This signifies that bonding does in fact take place between the acidic groups 
on the fibre and functional groups within the resin, although whether it is the resin or 
hardener which plays the more important part is unclear. Finally, it has been shown that 
the bonding potential for the acidic groups on the fibre tends towards covalent bonds 
with increased treatment as indicated by the work on Auger parameters and adsorption 
isotherms.
The contribution of frictional stress and chemical bonding can be calculated by 
consideration of the shear stresses, xb and t f  determined by pull-out tests given in 
Table 1, Chapter 4.3. The ratios are displayed and indicate an increasing dependence on 
chemical bonding as the treatment increases. It is not possible to give a figure for the 
contribution of the weak layer removal without further study.
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6.4 FRACTOGRAPHY
The experimental observations discussed in Section 4.5 lead us to the general 
acceptance of the failure modes already proposed in the literature. It is suggested that 
the untreated fibre has a weakly bonded outer layer which shears off during fracture of 
the composite and this causes a low adhesive strength. If this weakly bonded layer is 
removed by surface treatment then the fibre can bond more efficiently to the resin. 
Chemical groups are then deposited on the surface and this will further improve the 
bond. The failure path with well treated fibres will be within the resin because the bond 
is stronger than the shear strength of the resin. This may be the combined effect of 
increased bond strength and reduced resin shear strength in the interphase zone.
6.5 STRESS TRANSFER
The manner by which stress is transferred in a composite material has been discussed 
in Sectipn 4.1, demonstrating the corresponding distributions of tensile stress in the 
fibre and shear stress at the interface. Verpoest et al (1990) have developed the idea 
that neither a fully elastic nor fully plastic model is accurate but that the situation is 
partially elastic. Their stress distributions are given in Fig.3. The central part is defined 
by the elastic properties of the fibre and matrix. Verpoest et al states that the shear 
stress at the ends will rise to such a high value that either matrix yielding or interface 
debonding must occur. The tensile stress will then be transferred over this debonded 
region as predicted by Kelly/Tyson (1965) or Outwater (1956) in a linear manner with 
a constant shear stress. The untreated fibre debonds further than the treated fibre 
composite and this is observed experimentally under polarised light conditions.
The average fragment lengths, determined from the fragmentation tests, are in fact a 
reasonable estimate of the transfer length. The critical length, calculated from the 
average fragment length, will therefore be a mixed mode transfer length and not purely 
frictional transfer, as is usually supposed. The problem is that the untreated fibre is 
more likely to have a greater frictional contribution compared to the treated fibre.
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Pull-out tests generate a value of Lmax> which is the maximum length of fibre which 
can be embedded without breaking i.e. the length over which enough stress could be 
transferred to break the fibre. If we assume that the length over which stress is 
transferred by shear lag and friction or matrix yield in both the pull-out and the 
fragmentation test is the same, then Lmax will be equal to lc. This is shown 
schematically in Fig.4.
Values of Lmax given in Table 3 of Chapter 4.3 can be compared with lc from Table 1 
of Chapter 4.4. It is difficult to generate values of Lmax experimentally as the 
embedded lengths are measured after the test and so any lengths over this will be 
broken and cannot be measured. Also, as discussed in Chapter 4.4, the value of strength 
of the fragment length has a large effect on the calculated Lm, v. The values in TableHldX
3, Chapter 4.3, are for a fibre strength of 4GPa (Lmaxl) and 3.5GPa (Lmax2). The values 
of Lmax2 are in fact very similar to the critical lengths.
If we now consider zmax as the length over which stress is transferred by shear lag only,
i.e. only in the bonded portion, then it can be taken as an elastic stress transfer 
distance. This is much smaller than Lmax and the ratio of zmax to Lmax will give an 
idea of the proportion of elastically bonded zone compared to inelastically bonded. 
These values are given in Table 3 of Chapter 4.3 and demonstrate a doubling of the 
dependence on elastic stress transfer with treatment from untreated fibres to XA25. 
This verifies the above assumption that lc will have a greater frictional component for 
untreated fibres.
This means effectively that it is difficult to compare xj from fragmentation tests of one 
treatment with another. The shear strengths generated from the pull-out test should be 
upper and lower bound values for the fragmentation-generated shear strengths, xb is a 
maximum value of the actual shear stress distribution and not an average value, based 
on an elastic bond, and Xf is an average frictional shear stress. Values are found in 
Table 1 of Chapters 4.3 and 4.4 and these show that:
X f < Xi < Xb
XAU 12.2 < 14 < 43
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XA10 12.2 < 32.2 < 53
XA25 12.2 < 62.2 < 66
XA50 12.2 < 52.4 < 66
XAIOO 12.2 < 65.5 < 66
It is quite obvious that r i is an average calculated from a mixed mode transfer length 
as described above. It becomes more dependent on chemical bonding, creating elastic 
transfer, as the surface is treated by the electrolytic oxidation process.
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Untreated fibre
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Fig.l. The proposed model for the changes to the fibre surface with progressive
electrolytic treatment indicated on the right in Cm"2. The small figures on the fibre 
surface indicate the number of acidic groups likely to be available for bonding at that 
point
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Fig.3. Shear stress distribution at the interface and tensile stress distribution in the 
fibre (partially elastic model (Verpoest et al, 1990)
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Fig.4. Comparison of the stress distribution at the interface during: a. a pull-out test 
and b. a fragmentation test.
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7 CONCLUSIONS
Fibre characterisation
a. Carbon fibres of type XA, treated with increasing levels of an electrolytic 
oxidative surface treatment, displayed a strength/length relationship and 
strength/diameter relationship consistent with a Poisson distribution of 
flaws. The fibres treated at 5Cm~^, 25Cm~2 and 400Cm"^ and tested 
using a single fibre method, possessed a unimodal Weibull distribution. All 
other fibres appeared to exhibit bimodal behaviour.
_2b. The strength of single fibres was higher after a treatment of 5Cm .
_2Further treatment to lOCm reduced the strength of the fibre with a
_ o
subsequent increase after 25Cm . Higher treatment levels reduced the 
fibre strength once more.
c. Pull-out tests on fibres treated to the optimum level and mounted in 
different directions relative to the processing direction showed higher 
frictional component of debond stress in one direction compared to the 
other. This would appear to confirm a previously proposed model of the 
fibre surface, consisting of graphite plates protruding at an angle.
d. The strength of fibres in resin was calculated from fragmentation tests 
using a novel adaption of a Weibull model. The same trend was found for 
strength with increasing levels of treatment as for single fibres in air. A 
high value was determined for the Weibull modulus after treatment to
_925Cm . Generally, Weibull moduli were higher than for single fibre data 
possibly indicating the existence of a flaw healing mechanism although it 
may be because the fibres were protected from mishandling and damage.
182
e. A model of the surface structure, after increasing levels of treatment, 
has been proposed considering the above information and additional details 
from the study of adsorption isotherms. It is postulated that at initial 
levels of treatment loosely bonded material is removed thus creating a 
smoother, defect free surface. A t higher levels, a weakly bonded, well 
oriented layer of graphite is removed. The underlying layer consists of 
graphite planes protruding from the surface with an abundance of edge 
sites. These are then smoothed to create a good surface for bonding 
without a reduction in strength of the fibres. Further treatment induces 
pitting of the surface.
f. The polar component of the surface energy was found to increase with 
treatment. It continues to increase above the optimum level. This can be 
related to a corresponding increase in oxygen content of the fibre surface. 
These properties do not correlate with the adhesion strength and 
wettability was not improved. It is concluded that surface energy has no 
significant role in the improvement in adhesion.
g. Fibre surface acidity, which is considered to be mostly associated with 
COOH groups, was determined using a novel approach involving the 
construction of adsorption isotherms for the uptake of labelling ions, 
silver and magnesium. It was found to increase with treatment of the 
fibre up to a level of 25Cm~^ and then level off. The values of acidity 
correlated well with interfacial shear strength generated from 
fragmentation tests and shear strength and work of fracture as 
determined by pull-out tests.
h. Auger parameters were determined as an indication of chemical state for 
the magnesium and silver adsorbed onto the fibres. These indicated that 
bonding to the acidic groups was changing from a physical to a chemical 
nature with increased surface treatment.
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Resin contribution to adhesion
i. The resin contributes to the bond strength of untreated fibres by 
shrinkage stresses acting at the interface inducing frictional stress 
transfer. There is some evidence for resin formulation to be important but 
no firm conclusions may be drawn.
Interface studies
j. The debonding and pull-out mechanism was studied by analysis of results
from pull-out tests. It  is best described by a new combined mode of 
failure model which includes a shear strength criterion for crack initiation 
together with a fracture toughness for propagation.
k. The interfacial shear strengths and fracture toughness values generated
-2by the pull-out model increase with surface treatment up to 25Cm with 
no further increase at higher treatment levels.
1. Fragment lengths generated from fragmentation tests decreased with an
increase of treatment level up to 25Cm . This signifies improved stress
transfer up to this level. Interfacial shear strengths were calculated from
_2the results and these increased with treatment up to 25Cm .
m. The failure path between the fibre and resin was studied during
fragmentation tests and by surface analytical techniques. The failure in 
untreated fibre composites appears to be by debonding at the interface or 
cohesive failure in the fibre. Treated fibres appear to fail cohesively 
within an interphase layer surrounding the fibre.
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n. The maximum length which could be embedded without fibre failure
during pull-out, Lmax, was found to be similar to the critical length, lc, 
determined by fragmentation tests.
o. A transition from stable to unstable debonding was considered to be at a
.length, zmax, along the embedded length of fibre, in the pull-out test. 
This is proposed to be the elastic stress transfer length. A ratio of 
zmax^max wou^  therefore indicate the dependency of stress transfer on 
chemical bonding and this is found to increase with higher levels of 
surface treatment.
p. The interfacial shear strength, tj, determined from the fragmentation
test, is an average value between the frictional shear strength, if ,  and 
the bonding shear strength, xb, from pull-out tests. xb/x f gives a further 
indication of the increasing dependence on chemical bonding for stress 
transfer with surface treatment.
Overall conclusion
A model has been proposed whereby the adhesion of untreated fibres relies 
mostly on friction although some chemical and physical bonding is present. They 
fail by shear of the outer layer of graphite. Oxidative surface treatment modifies 
the carbon fibre to optimise adhesion by a two stage mechanism. Firstly, a 
weakly bound layer is removed leaving a stable underlayer with protruding 
platelets and many edge sites. Secondly, many COOH groups form on the edge 
sites which can chemically bond to the resin. Failure is now by fracture within 
an interphase layer of resin surrounding the fibre.
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1. Introduction
Efficient use of advanced fibre composite materials in many engineering applications requires a basic understanding of how 
the fracture process initiates and progresses to final failure. Experience has shown that when a crack moves through a matrix 
containing fibres, energies are absorbed by failure mechanisms such as matrix cracking, fibre-matrix interfacial debonding, 
post-debonding friction, fibre fracture, frictional fibre pull-out, etc. Of particular importance is the local response of the 
fibre-matrix interface within the composite during fracture (1). Since the interfacial properties have pronounced effects on 
the mechanical performance of fibre composites, the debonding and fibre pull-out problem has received significant attention 
in the past two decades. There are two distinct approaches to this subject: one is based on a maximum shear stress criterion 
such that when the interfacial shear stress exceeds the shear bond strength complete debonding occurs unstably, and the 
other is based on the concept of fracture mechanics where the debonded zone is considered as an interfacial crack and its 
extension is dependent on the energy criterion being satisfied. The first approach is typified by the early work of Cox (2), 
Greszczuk (3) and Takaku and Arridge (4) based on the shear lag model. The shear strength criterion has been modified 
recently in a series of studies by Hsueh (5,6) where progressive stable debonding is postulated as opposed to the original 
assumption of unstable debonding, taking into consideration shear deformation in the matrix. The second approach can 
be represented by the recent work of Gao et al (7) where a pre-debonded interface is modelled as a crack propagating stably 
along the fibre with a constant interfacial fracture toughness (or specific energy absorption) under plane strain condition. 
Both the effects of friction at the debonded region and Poisson contraction of the fibre are included in the Hsueh and Gao 
et al analyses.
The principal aim of the present study is to enhance our understanding of the interfacial debonding problem by 
characterising the stability of the debonding process for varying embedded fibre lengths and thus discussing the discrepancy 
of the assumptions made in the two debonding criteria mentioned above.
2. Existing Theories
Figure 1 shows the configuration of a partially debonded fibre (with radius a) which is located at the centre of a coaxial 
cylindrical shell of matrix (with an outer radius b). z is the direction parallel to the fibre axis and L is the embedded fibre 
length. In the fibre pull-out experiments, the composite is fixed at one end (z-0) and a tensile stress is applied at the other 
end of the embedded fibre with a constant displacement or loading rate. In Gao et al's model (7), the partial debond stress 
(o,jP) is given as a function of the partial debond length (L-z):
odp -  o0 + (o -  oq) f l -  e x p {-\(L -z )ll ( 1)
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where Oq is the frictionless debond stress independent of z. A.is the reciprocal length giving the effective friction shear stress 
transfer distance and 'o is the asymptotic debond stress for long embedded length L. The experimentally determined 
parameters Cq, A.and"o are related to the interfacial fracture toughness (G^c), the coefficient of friction at the interface (u) 
and the residual clamping stress (qQ> by:
‘ I
4 Ef G ic {(1 -  2 k V {) + (7 /a )( l -  2 k V B)}
a (1 - 2 k V f ) 2
1/2 4 % Gic 1/2
a (1 -  2 kVf)
A. -  2 p k /  a
o -  -  (q0/  k) 11 + (7 /a ) (V B/ V {)}
(2a)
(2b)
(2c)
where a -  /  Ef (Young's modulus ratio of the matrix to the fibre), k -  (aVf + 7VB) /  la  (1 -Vf) 1 *Va + 27 ) and
7 -  a2 /  (b2 -  a2) (fibre volume fraction ratio). and VB are the fibre and matrix Poisson ratios.
z=0
m atrix (E^,vJ 
- fibre
D  ►  6 <>
L—z (debond length)
FIG  1. A  schematic of the partially debonded fibre in a fibre pull-out model.
In Hsueh's model, the solution for the partial debond stress o^  is given by (5):
(A.- Bj + B2) (a - o9)
°d P ‘  °0  + ---------------------------------------------------------
X  *  Bj (7/a)(VB/V f) + B2
(3)
In Eq 3, the frictionless debond stress o^  for the full embedded length L is determined from the analytical solution for the 
fibre stress at the free end (8) when the interfacial shear stress exceeds the bond strength (x^):
where
o0 -  (2 Tf, {1 + (7 /a )} /  Ba] tanh (BL)
B -  ({1 + (a /7 )} /  (1 +V ,){b2 ln(b/a) -  (a2/27)}] 1/2
(4a)
(4b)
The instantaneous Oq values during progressive debonding can be determined by replacing L with the bond length z. It  
should be noted that for b2 >> a2, as in usual fibre pull-out experiments, Eq 4a is simplified to Oq -  [2xj,/Ba] tanh(BL), 
which is the same solution for maximum debond stress given in earlier papers (2-4) when there is no friction at the 
debonded region. The parameters Bi and B2 are a function of partial debond length (L-z):
Bj -  [(mj -  m2) exp{(mj + n^KL-z)}] /  (exp(mj(L-z)J -  exp{m2(L-z)}} (5a)
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B2 -  [mj expim^L-z)} -  m2 expJn^L-z)}] /  [exp{mj(L-z)} -  exp{mo(L-z)}] (5b)
where ml -  -  {Q + (O2 -  4Q *)1/2)/2  and m2 -  -  {Q -  (O2 -  4Q^)1/2}/2. Q -  -  (B2/7l)[(1 -  (a /7 )0 /f/v'B)} /{ l + (a /f)} ], 
which can be simplified to Q = -  (B2/A .)(V ^ /V ffl) for b2 >> a2.
The foregoing two theories are similar in that o^  is composed of two components: frictionless debond stress (Oq) 
component and friction stress component, the latter being directly proportional to (o’ -  O q ) .  The solution for the initial 
frictional pull-out stress Of after complete debonding can be obtained by substituting Og -  0 and the partial debond length 
(L-z) by the entire embedded length L in Eqs 1 and 3 for the respective theories.
3. Results and Discussion
Single fibre pull-out tests were performed on epoxy-based composite systems containing carbon fibres (Ef -  230 GPa.
-  3.0 GPa, Vf -  0.2, V E -  0.4, a -  0.003 mm and b -  1.0 mm) and stainless steel wires (Ef -  179 GPa. -  3.0 GPa. -
0.3,"Vjj -  0.35, a -  0.275 mm and b -  6.5 mm) with and without a release agent coating on the wires. Comparisons of the 
maximum debond stress o^  and initial frictional pull-out stress Of measured on these composites with theoretical predictions 
are given elsewhere by the authors (9). The differences between the theories based on the two different debonding criteria 
and advantages of each theory are also identified. In the present paper, details of variation in the frictionless debond stress 
and friction stress components are examined during debond crack propagation for different embedded fibre lengths. The 
partial debond stress o^, the sum of the debond stress and friction stress components, is calculated for these composites 
based on the two theories, which are plotted against normalised debond length (L -z )/L  as shown in Figs. 2 and 3.
co
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FIG  2. Plots of partial debond stress o,jP as a function of normalised debond length (L -z )/L  calculated based 
on (a) Eq 1 and (b) Eq 3 for carbon fibre-epoxy matrix composites (with experimentally determined
parameters o’ -  5.4 GPa, Oq -  3.4 GPa, u -  1.25 and -  72.7 MPa (9)):-------------frictionless debond
stress component;............. friction stress component;--------------partial debond stress.
For a given L, as debond length (Lt Z) increases the friction stress component always increases steadily (but non- 
linearly due to Poisson contraction of the fibre in the debonded region) in both theories. However, the debond stress 
component varies according to the assumptions made in each theory. I f  a constant frictionless debond stress is assumed (i.e. 
constant G jc in Gao et al's model (7) and constant Oq values for long L where tanh {Bz} = 1 in Hsueh's model (5)), the 
debond stress component is always constant regardless of the embedded fibre length L and consequently, the partial debond 
stress o,jp increases with the same rate as the friction stress component (Figs. 2a and 3a). (For simplicity, only values 
based on Gao et al's theory are shown in Figs. 2a and 3a.) Therefore, the maximum debond stress is obtained always 
at the moment of complete debonding when the debond crack reaches the full embedded length (i.e. z -  0). In fact, with
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this assumption, good agreement was reported (5,7) for the maximum debond stress o^  predicted by both theories when 
compared with the same experimental results obtained by Takaku and Arridge (4) on sufficiently long embedded fibre 
lengths.
0.8
L=50mmcSS, 0-6O 15mm
5m m
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15mm50mm,0.2
5m m
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(L —z ) /L
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0u 0.6 O L=50mm
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F IG  3. Plots of partial debond stress o^ as a function of normalised debond length (L -z )/L  calculated based 
on (a) Eq 1 and (b) Eq 3 for release agent coated steel wire-epoxy matrix composites (with 
experimentally determined parameters o -  1.98 GPa, Oq -  0.316 GPa, p -  0.22 and -  9.0 MPa):
---------------frictionless debond stress component;.................friction stress component;  partial
debond stress.
However, if It is assumed that the instantaneous Oq values vary as a function of bond length z during the fibre 
debonding process in Hsueh's model (6), the debond stress component decreases toward zero depending on the fibre 
embedded length L: for small L, it decreases monotonically while for long L it is initially constant (i.e. tanh (Bz) -  1) and 
decreases sharply to zero (Figs. 2b and 3b). Since the friction stress component ever increases with (L-z) these two stress 
components balance each other to determine the instantaneous values of partial debond stress o T h i s  implies that whether 
o,jP decreases from the beginning or increases to a maximum and then decreases during the fibre debonding process for a 
given composite system depends on the embedded fibre length L, which in turn determines the maximum debond stress o<j .
The instability condition requires that the derivative of the partial debond stress o^ P with respect to the bond length 
z Is equal to or less than zero: i.e. d o //d z  < 0. This implies that the fibre debonding process becomes unstable when theff\ tslope of the curve o^  is zero where the maximum debond stress o  ^ is obtained. In the case of assumed constant frictionless 
debond stress (Figs. 2a and 3a), fibre debonding is always stable until complete debonding at z-0 where o,jp -  o,j . However, 
in the case of varying debond stress component (Figs. 2b and 3b), stability of the debonding process is dependent on the 
debond length (L-z) relative to the embedded fibre length L. Numerical treatment of Hsueh's theory in Eq 3 with the 
assumed varying frictionless debond stress Oq gives the maximum bond length zBax below which the debonding process 
becomes unstable. Thus, z ^  -  152 um and 6.5 mm for the carbon fibre-epoxy matrix and steel wire-epoxy matrix 
composites respectively. I f  a simplified solution for the partial debond stress (o^ P - Oq + 2Xf(L-z)/a) is used, neglecting the 
effect of Poisson contraction of the fibre and assuming a constant friction shear stress Xj at the debonded region in the 
context of the maximum shear strength failure criterion, the above instability condition gives a closed form solution for the 
maximum bond length z ,^  (10):
zaax -  (1/B) cosh"1 i(Tb/ i f)(l + 7 /a )] 1/2 (6)
Eq 6 suggests that the ratio of xb to Xj, Young's modulus ratio a. fibre volume fraction ratio 7  and B (which is again a
function of a  and 7 ) determine the fibre debonding instability for a given composite system, with the limiting value of zero
when xh = X/ (e.g. some ceramic fibre reinforced ceramic matrix composites where the interfacial bonding is principally
9 9mechanical in nature) and b* >> a . It is noted that the z ^  values (116 pm and 5.8 mm for the carbon fibre-epoxy and
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steel wire-epoxy composites respectively) calculated based on Eq 6 are slightly smaller than that obtained using Eq 3 due 
to the overestimated values for the friction stress component in the simplified solution.
<T
d ~
cr
5
FIG 4. Schematics of stress versus displacement relationship during single fibre pull-out tests for (a) totally 
unstable (b) partially stable (c) totally stable debonding processes.
Based on the discussions presented above, three different fibre debonding processes can be identified in terms of 
stability. I f  L < z ^  the debonding process is totally unstable and initial debond leads immediately to complete debonding 
(i.e. Oq -  o,j*). Therefore, the stress-displacement curve shows a monotonic increase in stress until debonding is initiated, 
followed by an instantaneous load drop (Fig. 4a). (After complete debonding, fibre pull-out requires the stress Of to 
overcome the friction shear stress along the entire embedded fibre length.) In this case, neither theories proposed by Gao 
et al (7) and Hsueh (5,6) can be directly applied to predict the maximum debond stress o,j . This is because Gao et al's 
model was developed basically for sufficiently long embedded fibre length, and in the Hsueh model there is no longer the 
friction stress component and a stable debonding process cannot be obtained. Instead, the maximum debond stress is 
simply given by Eq 4a which is originally proposed based on the assumption of unstable debonding (2-4). I f  L > zMX. then 
the debond crack propagation takes place in a macroscopically stable manner, though "stick-slips" are observed in the rising 
stress-displacement curve (Fig. 4b). Stable debonding proceeds until the debond length reaches (L -z ^ ) .  followed by 
unstable debonding (i.e. partially stable). Therefore, the maximum debond stress o,j can be determined by replacing z with 
z ^ j in Eq 3 of Hsueh's solution (6). In  the extreme case of z ^  = 0 as for some ceramic matrix composites, the debonding 
process is always stable until complete debond takes place (i.e. z-0) regardless of embedded fibre length L and there is no 
substantial load drop after complete debonding as shown in Fig. 4c. The maximum debond stress o^  is then equal to the 
frictional pull-out stress oj which is given directly by either Eq 1 or Eq 3 where the frictionless debond stress Oq is negligible 
and the friction stress component is a function of the entire embedded length L. Under this circumstance, both G^c and 
ijj which determine Oq values in Eqs 1 and. 3 respectively have to be small (11).
It  should be noted that in reality the fibre debonding stability is inhibited significantly by the testing conditions (e.g. 
soft testing machine, long free fibre length, etc) so that debonding could become unstable even for L > zfflax and in 
composites with = 0. In fact, the experimental value z ^  -  15 mm above which stable debonding is observed for steel 
wire-epoxy composites is greater than the predicted values (i.e. 6.5 mm or 5.8 mm) by a factor of about two. Moreover, 
when the embedded fibre length L is very short, the precipitous load drop after complete debonding may be aggravated by 
the release of the strain energy stored in the stretched fibre. The load drops to zero if the fibre is completely pulled out 
from the matrix. Alternatively, if the fibre is regripped by the clamping pressure exerted by the surrounding matrix material 
frictional pull-out of the fibre recurs.
Once the z ^  value is determined for a composite system, the maximum embedded fibre length (above which the 
fibre breaks without being debonded and pulled out) can be evaluated by equating the solution for the maximum debond 
stress to the fibre tensile strength o^  (which is measured on a gauge length same as the free fibre length used in fibre 
pull-out tests). Gao et al's model gives:
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L jj8X -  (1/A) I n  [ ( a  -  O q ) / ( o  -  o t ) ]  (7a)
I f  the simplified solution (10) is used:
*max “ a (°t " oq11^ 21! + m^ax
where Oqe is the frictionless debond stress determined at z -  z ^ .  For the carbon fibre-epoxy matrix composite. Ljj, v -  300 
pm is obtained by using Gao et al's theory in Eq 7a. which is comparable to the value (L^,, - 914  pm) obtained from the 
numerical treatment of Hsueh's theory. However, Eq 7b predicts a significantly smaller value -  300 pm due to the 
overestimate of the friction stress component as mentioned earlier. In experiment, up to L -  420 pm has been tested 
without fibre breakage (i.e. the experimental L ^  value should be greater than 420 pm for this composite).
5. Conclusion
The present study identifies three different cases of fibre-matrix interfacial debonding process using the instability condition 
proposed previously (10): (i) totally unstable for L 1  zfflax: (ii) partially stable for L N z ^ :  (iii) totally stable when Zj..v = 0. 
The stability is governed not only by elastic constants, relative volume of the fibre and matrix but more importantly by the 
nature of bonding at the interface and embedded fibre length.
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T H E  IN F L U E N C E  O F  F IB R E  S U R FA C E T R E A T M E N T  
O N  T H E  A D H E S IO N  O F  C A R B O N  FIB RES IN  E P O X Y  R E S IN  
C .A .B a illie  and M .G.Bader 
Com posite M aterials Research Group 
D epartm ent o f M aterials Science and Engineering 
U niversity o f Surrey 
G uildford, Surrey G U 25X H
A B S TR A C T
The adhesion o f carbon fibres (electrolytically surface treated) to epoxy resin is investigated 
using two micromechanics tests. Fragm entation tests carried out on fibre treated at a ll levels 
show that average fragm ent lengths and hence the stress transfer length reduces w ith  treatm ent 
indicating a m ore effic ient bond. This increase in adhesion levels o ff at the treatm ent defined  
X A 25. Pull-out tests on the same systems have been carried out and a w ork o f fracture and a 
shear strength fo r the interface w ere calculated on the basis o f two separate approaches to  
debonding. T h e  first is based on a shear strength criterion and the second a fracture mechanics 
m odel These showed sim ilar trends w ith  a plateau at the XA 25 level. Single fibre strength tests 
analysed by W eibu ll distribution indicate that there are two maxima at the X A 5  and X A 2 5  
levels. I t  is proposed that a weakly bonded layer is removed from the fibre during the early  
levels o f treatm ent leaving a m ore stable layer for the resin to bond to.
K E Y W O R D S : Adhesion; Carbon Fibre; Surface Treatment; Interface; P u ll-o u t
1 .IN T R O D U  C T IO N
The properties o f the composite depend on those o f the fibre, m atrix and the interface. 
Commercial treatm ents are applied to the surfaces o f carbon fibres to prom ote adhesion in  
reinforced composites. There are several possible factors contributing to the bond between the 
fibre and the matrix. These may be mechanical factors including interlocking due to
microroughness -  flaws, porosity etc on the fibre surface, physical effects o f wetting and 
adsorption o r finally chemical bonding between the two components (1 ). T h e  aim  o f the present 
w ork is to comprehensively study one resin/fibre system in order to increase understanding o f 
the mechanism o f adhesion. To do this a fibre was taken in its untreated state and treated 
systematically by an electrolytic oxidation process. Th e treated fibres w ere then characterised 
and their behaviour in  a single control epoxy resin evaluated.
T h e  response at the interface to changes to the fibre surface is often  measured using single 
fibre model tests (2 ). Fragmentation tests are used to measure an average shear strength along 
the interface. Pull-out tests on selected treatm ent levels enable more useful parameters to be 
determ ined. Tw o approaches to the debond problem in  the pull-out test have been developed. 
O ne considers a maximum shear stress criterion and the other is based on fracture mechanics 
where debonding is treated as a fracture propagation. A  recent example o f each o f these 
models (3,4,5) is used in this work to analyse the data and to determ ine values o f a work o f 
fracture o f the interface and a shear strength.
Single fibre tensile tests at each treated fibre level are required in  order to interpret the 
fragm entation tests. Th e data is fitted to a W eibull distribution as values o f the strength o f 
fibres at the fragment lengths are required. The results give additional inform ation on flaw  
population and distribution.
2 .E X P E R IM E N T A L
2.1 Surface Treatm ent The high strength X A  fibres were received untreated and unsized 
and in  order to  systematically increase the adhesive properties, they w ere oxidised by an anodic 
treatm ent based on the patent from Hercules (6 ). The specific charge applied controls the 
degree o f improvem ent in adhesion. Fibres were treated at intervals up to  400 coulombs/m2 
(c/m 2). T he treatm ents w ill be referred to by their level o f c/m2 i.e. X A 1  fo r X A  fibre treated  
1 c/m2 (U = u n trea ted ).
2.2 Interface studies
2.2.1 Fragm entation This test involves embedding a single fibre in  resin and applying 
tension until the fibre has fractured into many small fragments. T h e  test is based on the 
assumption that when the last fracture has occurred, a distribution o f the lengths should lie  
w ithin the range lc/2 - lc. Kelly (7 ) proposed that this critical length, lc, was the minimum  
length o f fibre required in order for the stress in the fibre to build up to fibre failure stress. 
Although only a very simple approximation o f stress transfer, it does demonstrate the idea o f
a "transfer length" very well.
Dogbone samples o f single fibres in resin were manufactured. The resin used was a standard 
D G E B A  type epoxy w ith amine hardener (triethylenetetram ine). The fibres w ere aligned in a 
mould and the resin poured in after degassing. Samples were cured at 60°C fo r three hours 
followed by a post cure o f 120°C for another three hours. A fte r removal from  the mould and 
polishing, samples were tested on a straining stage attached to an optical microscope. 
Transmitted, polarised light was used to view  the fibres through the resin.
Cumulative distributions o f fragment lengths from  some o f the tests carried out are shown in  
fig .l and demonstrate a shift to shorter fragm ent lengths, w ith increase in  treatm ent level. I f  
the median value o f the data for all fibres is read o ff at 50%  on the cumulative distribution plot 
and plotted against surface treatm ent level then it can be observed that there is a levelling o ff 
at X A 25. It  appears that any treatm ent at higher levels is not significantly increasing the bond 
(see fig.2). Values o f median length are shown in Table 1.
Using Kelly’s model a value o f shear strength o f the interface, x  may be calculated from:
x  =  a  d /  2 lc
a  =  strength, d =  diameter, lc =  4/3 average fragment length
Although this may not be considered as a m aterial parameter it may serve as a comparison o f 
interface strengths from  one fibre to another. Th e weak link model o f W eibull (see section 2.3) 
can produce a value o f strength for the fragm ent length, x  values for the treated and untreated 
fibres are shown in Table 1. They rise w ith  treatm ent level to a plateau by X A 15 -X A 25. The  
values are o f the same order as those calculated by D rza l(8 ) for A U  untreated fibre ( 24M Pa) 
and AS treated carbon fibre (74M P a).
2.2.2 Pull-out tests The pull-out test is based on an adaptation o f the test developed 
by Sanchez and Desarm ot at O N E R A  (9 ) by P itkethly and Doble o f the R A E  (10). T he fibre  
is guided into a pool o f resin (same system o f epoxy/amine as w ith the fragm entation tests) in  
the base o f the holder (see fig.3). A fte r curing, the specimen holder is fixed into a 
micromanipulator and the fibre led up into a tiny hole in a screw at the base o f a soldering iron  
which is attached to a load cell on the tensile tester. Solder is applied to the screw head to 
hold the fibre in place. W hen the solder is solid the contraction o f the soldering iron pulls the 
fibre out o f the resin. The load required to do this is recorded. Embedded lengths are required  
for a full analysis o f the pull-out load and they are measured by transferring the sample after 
the test to the S .E .M .. Pull-out tests were carried out on X A U , XA 10, X A 25  and X A 50.
A n example o f the plot o f maximum pull-out stress against embedded length is shown in fig.4 for 
X A U  and X A 25 and it can be seen that generally the values are higher for the treated fibre. 
Analysis o f the plots are necessary in  order to obtain meaningful physical parameters. Tw o  
approaches are considered. The energy approach is characterised by the assumption that the  
propagation o f the debonding zone requires an energy which is characteristic o f the bond. A n  
example o f this approach by Gao is shown fitted  to the data in fig. 4. The stress criterion is based 
on the assumption that debonding takes place only when the maximum stress at the interface  
reaches a critical value.
A  maximum shear stress approach by Hsueh (4 ,5 ) and a fracture mechanics approach by Gao et 
al (3 ) are critically compared in  a recent paper (11 ) using some o f the present data. G ao’s model 
has now been applied to the present com plete data base in order to determine a w ork o f fracture 
for each treatm ent level tested. T h e  m odel, which is described fully in reference 3, gives the  
following expression for the w ork o f fracture Gic:
Pull-out or Maxim um  debond stress =  oQ +  o - a Q ( l-e ~ *  *■*)
oQ =  (  4 E f  G ic  /  r  (l-2 k v f ) )0-5 
o is a function o f radial stress from  the resin, oQ=  frictionless debond stress, X  is related to the 
coefficient o f friction. These and k  are functions o f v m, v^, E m, E^ and the radius o f the fibre  
and the resin surrounding it, r and R . L  is th e  debond length.
As discussed in (11), Gao’s model overestimates the debond stress, and therefore the pull-out 
stress for very short embedded lengths. Conversely, Hsueh’s model is inaccurate for long lengths. 
His model states that:
°d  =  °o  +  ( °  '  ° 0X 1'B l / i+ B 2)
o Q =  (l+ c /p r)ta n h p L  
B j,B 2 are functions o f the debond length. These, c and p are related to vm,Vf,Em,E f, and the  
two radii, r  and R . x^ =  shear strength o f the interface.
From  this model, which is described m ore fu lly in  reference 4 and 5, values o f x for the interface 
were calculated. These and the G ic values from  the Gao model are shown in Table 1 and 
demonstrate that the adhesion strength has reached a plateau w ith regard to surface treatm ent 
by XA 25. The G ic results for w ell treated fibre compare well with those o f Piggott fo r treated  
carbon fibre - 30 Jm (12). The fits o f both models to experimental data for X A 25 fibre are  
shown in fig.5. and the weakness o f G ao’s model at low lengths is very apparent.
2.3 Single fibre strength tests In  order to fully understand the mechanism o f stress transfer 
and the study o f interface adhesion it is necessary to investigate the effects o f surface treatm ent 
on the fibre strength. I t  is also im portant to understand how the length o f the fibre affects 
strength. Fibres were tested by the standard A S T M  method (13) but using a m ulti window card «. 
o f three gauge lengths, 12mm, 30mm and 75mm . T h e  fibres were randomly selected from  a tow  
o f 12,000 and 40 samples o f each gauge length tested fo r each o f the following fibres: X A U , 
X A 5 , X A 10, X A 15, X A 25, X A 50 and X A 100 .
T h e  stresses were calculated from the maximum load and from a value o f the diam eter fo r each 
fibre. These were determined using an image shearing method. M ean values o f diam eter are  
shown in  Table 1. F ibre tensile strengths may be treated by a W eibull distribution function to  
investigate their dependence on length. T h e  values o f fibre strengths are ranked into ascending 
order and each one assigned a linearly distributed P f (Probability o f fa ilu re). A n  example o f one  
cumulative frequency plot o f these values fo r X A 400  30mm gauge length is shown in  fig.6.
T h e  W eibull distribution is described below:
Pf =  l-e x p -(c -a u/o 0) w
0  =  strength, o u =  min^trength (0 ), o e =  characteristic strength fo r p f =  0.368 and w  =  
W eibull modulus.
This may be rearranged and a plot o f In  In  (1 /1-P f)  against o c w ill give a straight line o f  
gradient w . A n  example o f one plot which fits the model w ell -  X A 400  30m m  and one which  
seems to  possess bimodel distribution -X A 1 0  30mm can be seen in fig.7. Values o f characteristic 
strength and an average W eibull modulus fo r each treatm ent level tested are shown in T ab le
1 and characteristic strengths for the fibres at a ll gauge lengths are shown in  fig.8. T h e  strength 
length relationship expected for an elastic b rittle  m aterial is demonstrated fo r all fibres. A lso  
it  can be seen that the strengths and W eibu ll m oduli peak at X A 5  and X A 25 . X A 100 has a 
high value o f w - the reason for this is unclear.
3 .D IS C U S S IO N
Fragmentation and pull-out tests have indicated an improvement in adhesion strength up to  
X A 25 after which no significant increase is noted. T h e  treatm ent prepares the surface o f the  
fibre for increased adhesion but may also a lter the mechanism o f adhesion completely. I t  is 
im portant to discover what it is that is causing the increase and the levelling o f adhesion
strength by XA25.
T h e single fibre strength tests have demonstrated that the treatment affects the strength o f the 
fibres. There is an in itial increase in strength followed by a reduction and a subsequent rise to 
X A 25. This is demonstrated at all three gauge lengths. I f  the proposal o f D rza l(8 ) is correct, 
that a weakly bonded layer is removed by the treatm ent (not defect laden as he suggests) then 
it is considered that this happens before X A 25. The strength peak at X A 5  could be due to the 
loss o f debris on the surface and the subsequent fall due to the layer o f graphite peeling o ff 
like  an onion skin. Guigon’s model based on T .E .M . work demonstrates this structure w ith  
layers o f graphite having a variable transverse radius o f curvature that decreases from surface 
to centre (14). I f  the layer removal releases residual stress enabling more plane edges to unfold 
onto the surface to act as crack initiators, the strength w ill drop. Increased treatm ent must then  
smooth the surface.
D rza l’s proposal for the removal o f a weakly bonded layer was presented to explain the increase 
in adhesion by surface treatm ent. It  can be seen that the freshly smoothed underlayer w ith its 
abundant edge sites for bonding would explain well the adhesion strength reaching its plateau 
value at XA 25.
4 .C O N C LU S IO N S
It  has been demonstrated that electrolytic oxidation improves the adhesion o f X A  fibres to 
epoxy resin. Fragm entation and pull-out tests both indicate an increase in adhesion strength, 
whether shear strength or work o f fracture. Single fibre tests have shown that there is an 
increase in the value o f characteristic strength at the point o f optimum adhesion. I t  has been 
proposed that a weakly bonded layer o f graphite is removed by the treatm ent This leaves a 
firm  underlayer w ith plentiful edge sites for potential bonding.
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Table 1.
Surface Treatm ent 0 5 10 15 25 50 100
Fragment length (m m ) .93 .5 .48 .37 .35 .32 .3
Shear strength *u (M P a) 36 84 83 104 106 130 108
Pull-out x b (M P a) 43 - 57 - 66 66 66
G ic (J in 2) 7 - 17 - 27 27 26
oG 75mm (G Pa) 3.6 4.4 3.8 3.3 3.8 3.6 3.6
oQ 30mm (G Pa) 3.6 4.7 4.1 4.1 4.5 4.5 3.9
o Q 12mm (G Pa) 5 5.1 5.1 4.3 5.2 4.7 4.9
W eibull modulus w 3.2 3.6 3.4 3.4 3.8 3.4 4.15
D iam eter (pun) 6.8 6.9 6.9 7.0 6.9 6.8 7.0
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C H E M IC A L  A SPEC TS O F  IN T E R F A C E  A D H E S IO N  B E T W E E N  
E L E C T R O L Y T IC A L L Y  O X ID IS E D  C A R B O N  F IB R E S  A N D  E P O X Y  R E S IN S .
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Guildford, Surrey G U 25X H
A B S T R A C T
The chemical contribution to the adhesion o f electrolytically oxidised carbon fibres in  resin is 
investigated using a novel adaptation o f a derivitization technique. A dsorption isotherms are 
plotted from  X .P .S . spectra by m onitoring the uptake o f magnesium on the fibres as a function  
o f concentration o f treatm ent solution. T h e  isotherms show chemisorption to  C O O H  groups on  
the treated fibres and physisorption to other oxygen groups on the untreated fibres. A uger 
parameters o f the magnesium also indicate a move from isolated atoms to  compounds on going 
from  untreated fibres to  high treatm ent levels. Values o f acidity are calculated from  the uptake 
o f magnesium by C O O H  atoms. These show good correlation w ith m echanical data on  the  
same system.
K E Y W O R D S : Adhesion; Carbon fibre; Adsorption; Interface; Surface T rea tm en t
1 .IN T R O D U C T IO N
Surface treatments are applied to carbon fibres in order to optim ize their adhesion to epoxy 
resin matrices. T h e mechanism and means by which this is achieved is not w ell understood.The 
measurement o f this adhesion and mechanical contributions to the bond are the subject o f 
another paper (1 ). A lternative contributions may be physical or chemical and these are discussed 
presently.
A  range o f oxygen containing species have been found on the surface o f oxidised fibres, for 
example -C O O H , - C = 0  and -C -O H . The amount o f oxygen is known to increase w ith surface
treatm ent and in this w ork elemental analyses are carried out for each fibre type to investigate 
this further. However, there is a complex chemistry on the surface o f the fibres and two 
different approaches have developed to discover the amount and distribution o f the various 
functional groups. T h e  first has been developed by Kozlowski e t al (2 ) and is based on peak 
fitting the spectra fo r the proportions o f groups present This method is best suited to highly 
treated fibres but is less useful fo r levels o f treatm ent often used in  practice. T he second, 
developed by Denison e t al (3 ), involves labelling particular functional groups on the fibre by 
a reagent which is detectable by X.P.S. This derivitization method treats the fibre rather 
violently by boiling in  saturated solutions and the present approach seeks to improve the 
technique by the use o f less vigorous procedures.
T he method is based on the idea o f Castle and Ghosh (4 ) and considers the concept o f 
monitoring the uptake as a function o f the concentration o f solution in  which the fibre is 
labelled. This permits the determ ination o f an adsorption isotherm. The fact that X .P .S. enables 
a direct measurement o f atomic %  uptake means that the isotherms can be analysed by classical 
theories for adsorption from solution or gaseous media. I t  is possible from  the resultant 
isotherms to indicate the possibility o f chemisorption compared w ith physisorption and the 
amount o f acidic groups available for bonding on the fibre surface may be calculated.
In  order to further investigate the difference between bonding potential o f an untreated fibre  
and a treated fibre, the Auger Param eter o f the reagent, in this case magnesium, was measured. 
This parameter, was first introduced by W agner in 1975 (5 ) and is a convenient method o f 
determ ination o f chemical state. I t  may be used to ascertain whether the magnesium is bonding 
differently to the untreated fibre compared to the treated fibre which would reflect on the  
fibre’s bonding potential to resin.
2 .E X P E R IM E N T A L
2.1 Surface Treatm ent Previously untreated and unsized high strength X A  carbon fibres have 
been subjected to varying levels o f an electrochemical treatm ent (1 ). T he treatm ent consists o f 
anodic oxidation in an electrolyte w ith varying degrees o f current applied. Treatm ent levels are 
referred to by their charge density i.e. X A 25 =  X A  fibre treated 25 coulombs/m2(c/m2).
2.2 Surface Analysis The elem ental composition o f the untreated and treated fibres were 
determined using X  ray Photoelectron Spectroscopy (X .P .S .). The fibre tows were cut into 
3cm lengths, mounted on holders and transferred to the vacuum chamber for analysis. A ll 
spectra were recorded on a V .G . Scientific ESC A LA B  11 at an operating pressure o f 10'9 torr 
using A l k a  radiation. T he spectrometer was interfaced to a V .G .5000 data system.
Th e percentages o f carbon, nitrogen and oxygen present for each treatm ent level are shown in  
fig .l, the scale fo r carbon on the right hand side. The histogram indicates th at the level o f 
oxygen and nitrogen rise w ith higher treatm ent whilst carbon drops accordingly. Average values 
fo r the fibres are shown in Table 1.
2.3 Adsorption Isotherms To  investigate the functional groups in  m ore detail, adsorption 
isotherms were constructed for selected fibre treatm ent levels. The uptake o f magnesium ions 
by the carbon fibre was determined as a function o f the concentration o f M gS04 in  a series o f 
test solutions. In  this case magnesium atoms are taken up by the C O O H  o r C O H  groups on  
the surface o f the carbon fibre in accord w ith the usual derivitisation mechanism (3 ).
F ibre tows were cut into 3cm lengths and placed in beakers containing solutions o f d ifferent 
strengths o f M gS04 at room temperature. The strengths o f the solutions w ere a ll fractions o f 
the saturation solubility (So). Fibres were soaked for 30m in and then rinsed thoroughly in  
deionised w ater and dried in an oven at 60°C for an hour. The procedure o f obtaining spectra 
was the same as in  the previous section.
Adsorption isotherms w ere plotted for X A U , X A 10, X A 25, X A 100 and X A 400 . T h e  uptake was 
determined from  the atomic %  o f the elem ent on the surface adjusted by the appropriate 
sensitivity factor and then corrected for excess magnesium associated w ith sulphate. A n  example 
o f a typical isotherm isotherm is shown in fig.2 for X A 25. The scatter is due to  differences 
on the fibre surface between one part o f the tow or another along its length and also from  the  
centre to the outside o f the tow. Scatter for X A 10 was worse than for the o ther fibres.
T h e  experim ental isotherms were found to fit Langmuir isotherms reasonably w ell as shown in  
fig.2 for X A 25  fibre. Langmuir’s theory was the earliest o f its kind and dealt w ith  the  
equilibrium  set up between an adsorbed gas and the adsorbent, the rate a t which molecules 
condense on the sites o f the adsorbent surface being equivalent to the ra te  at which they 
reevaporate. I t  assumes all sites are equivalent which may be valid in  this situation if  it is 
reasoned that the functional groups are very dispersed and should have little  effect on each 
other.
The Langmuir isotherm (6 ), when applied to adsorption from solution becomes:
S /A t%  =1/Bxm  +  S/xm
xm =  monolayer coverage or in this case every acidic group is occupied w ith one 
M g atom
S =  relative solubility =  S/So where So maximum =  1 
A t% =  U ptake o f the atom  
B =  A(const)eq,Rr q =  heat o f adsorption 
Values o f xm have been calculated for the fibres tested and these are shown in Table 1 to  
increase to level X A 25  w ith  no more significant increase after th a t T h e  X A 100  data is shown 
in  fig. 3 and can be seen to divide into two data sets forming two isotherms. This phenomena 
has been observed before by Ghosh (4 ). The amount o f oxygen found on the surface is 
consistently higher (above 11.5 % )  fo r the fibres on the upper isotherm.
Values o f B are also shown in the table and these are related to the heat o f adsorption . They 
can be seen to  increase w ith surface treatm ent although in fact there may be two distinct 
groups -  the low values o f B, indicating physisorption, being characteristic o f low levels o f 
treatm ent
From  the values o f xm, the amount o f acidity on the surface in the form  o f C O O H  groups may 
be calculated. The method o f Denison has been applied which assumes an escape depth o f 
3.5nm  for carbon and a surface segment o f 40000 carbon atoms. From  the density o f graphite 
and diam eter o f the fibre a geometrical surface area is calculated so that the number o f 
segments per gramme o f fibre can be ascertained. The number o f acidic groups per surface 
segment may be found from  the percentage o f magnesium compared to carbon present on the 
surface, (the  amount o f magnesium is half the amount o f C O O H  to which it is bonded as it 
is divalent). So the acidity o f the fibre can be calculated. These values may be seen in Table  
1 and indicate a rise w ith treatm ent level. I f  these are plotted against treatm ent as shown in  
fig.4 it can be seen that the acidity begins to level o ff at X A 25. Th e second X A 100 value has 
been om itted from  the present analysis and w ill be dealt with in a later section.
2.4 Auger Parameters The chemical state o f the magnesium can investigated by observing 
the Auger Parameters. W agner first introduced the concept o f an A uger Parameter as the  
difference between the kinetic energy o f an Auger line and a photoelectron line. Garenstroom  
and W inograd in  1977 (7 ) modified the parameter by effectively adding the photon energy hv 
to the value o f the Auger parameter a  :
a  =  Binding energy Photoelectron - kinetic energy Auger electron
W agner also introduced the Wagner plot (8) as a useful means o f representing the modified 
Auger Param eter. T h e  kinetic energy o f the sharpest Auger line is plotted against the binding 
energy o f the most intense photoeleclron line. A  shift from one leading diagonal to another 
represents a change in the Auger Parameter and a shift perpendicular to this indicates
differential charging o f the sample. The W agner plot for magnesium is illustrated in fig.5 and 
examples o f values generated by M g on fibres X A U ,X A 10,X A 25 and X A 100  are shown. There  
is evidence o f a shift from  one Auger param eter to another on going from  X A U  to X A 1 0  and 
to X A 25 . There is no difference between X A 25 and XA 100.
3.D IS C U S S IO N
The level o f oxygen and nitrogen on the surface o f the fibre increases w ith  treatm ent and 
continues to increase steadily w ith all treatments tested. The mechanical tests on the same data 
(1 ) showed that there was an im portant level at X A 25 where the adhesion increased to a 
plateau value. Therefore the mechanical data cannot be directly related to th e  C /O  ratios.
The adsorption isotherms indicate that C O O H  groups are found on the surface and that these 
increase up to X A 25 and then begin to level o ff. This is in very good agreem ent w ith  the  
mechanical data and seems to suggest that the adhesion strength may be related partly to the  
amount o f acidity on the surface.
The second and much higher isotherm o f X A 100 needs further explanation. I t  has been verified  
that the higher isotherm is made up from  samples with considerably higher oxygen content and 
therefore the anomaly is a function o f fibre variability and not testing procedure. T h e  shape 
o f the isotherm is not the same as the other treated fibres which have a steep rise followed by 
a plateau indicative o f chemisorption. The second X A 100 fibre isotherm is m ore gently rising 
as w ith the untreated fibre. This indicates a more physical nature o f adsorption.
It  is appropriate at this point to discuss the values o f the constant B. These are related to the  
heats o f adsorption and values are much lower for the untreated fibre and th e  higher X A 100  
isotherm compared w ith  the other treatm ent levels. This is consistent w ith  the expectation o f 
lower heats o f adsorption fo r the more weakly bound physisorbed atoms. B is higher fo r X A 1 0  
and higher still for X A 25 , X A 100 and X A 400 demonstrating the probability o f chemisorption. 
In  the light o f this inform ation then, it must be pointed out that the values o f acidity may not 
be directly compared when they are perhaps associated w ith a d ifferent type o f acidity o r bond. 
Therefore in a true comparison o f C O O H  groups on the fibres the values o f X A U  and high 
XA 100 must be withdrawn.
The reason for the high oxygen levels on the X A 100 fibre may be related to the ideas proposed 
in the paper on mechanical aspects (1 ). Consider firstly the X A 10 fibre which possesses m ore 
scatter compared w ith the other fibre levels. The oxygen levels match this scatter. I t  is thought
that the varying oxygen levels may be due to a weakly bound layer being removed at about this 
point. I f  the layer is fully removed there w ill be a different level o f oxygen compared to a fibre  
which has some o f the layer still attached. Once removed any residual stress may be released 
and cause more edge sites o f the less ordered inner planes to unfold onto the surface. The  
C O O H  content would increase due to th eir greater tendency to form at edge sites. T h e  
treatm ent continues to increase the C O O H  level and smooth the fanned out edges o f the  
planes up to X A 25. From  this point on no significant increase in adhesion is observed as 
probably all available sites are used up. How ever, at XA 100 the surface becomes considerably 
rougher as shown by Robinson (9 ) and it is possible that cavitation is starting to  occur. These 
cavities may be fu ll o f oxygen sites which promote bonding but not necessarily to C O O H  
groups.
The W agner p lot is also consistent w ith the theory that the untreated fib re is bonding 
physically. The values for X A U  are at much lower values compared to the treated fibres. T h e  
arrow indicates the position o f isolated atoms e.g. gas . The more isolated the atom in  
behaviour, the less likely it is to be part o f a compound.
4 .C O N C LU S IO N S
It  has been shown that the electrolytic oxidative treatment improves adhesion by a complex 
mechanism which appears to involve the form ation o f C O O H  bonding sites. The acidity 
associated w ith these sites levels o ff by X A 25 correlating well w ith mechanical data on the  
same system (1 ). T h e  mechanism o f adhesion therefore appears to alter from  physical to  
chemical bonding on treatm ent o f the fibre. I t  is suggested that this is not the only contribution  
to adhesion. There may be the removal o f an outer layer o f graphite leaving a stable surface 
with more edge sites available for bonding to the resin.
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Table 1.
Surface Treatm ent 0 10 25 100 400
A tom ic %  Carbon 92.3 86.2 85.7 81 81
A tom ic %  N itrogen 3.93 5.1 6.51 7.9 8.16
Atom ic %  Oxygen 3.29 8.3 7.55 9.7 9.9
M onolayer xm % M g .8 .9 .98 1 ( 3 ) 1
A cidity pteq/g * 6.03 7 7.6 8.4 8.75
Constant B 6.3 13 35 28(9) 47
*  p. equivalent/gram
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A STUDY OF THE ADHESION MECHANISM OF OXIDISED CARBON FIBRES TO EPOXY RESIN 
BY SURFACE ANALYSIS.
C.A.Baillie, J.F.Watts, J.E.Castle and M.G.Bader
Department of Materials Science and Engineering, University of Surrey, 
Guildford, Surrey GU25XH.
Two novel methods based on X-ray Photoelectron 
Spectroscopy (XPS) have been used to characterise the 
surface of untreated and treated carbon fibres. 
Firstly, adsorption isotherms have been constructed 
for the uptake of magnesium by functional groups on 
the surface. This demonstrates the presence of more 
acidic groups on the treated fibres. Secondly, 
imaging XPS (iXPS) has been employed to differentiate 
between levels of surface treatment and to analyse 
fibres after pullout from an epoxy resin matrix. The 
resulting images indicate a cohesive failure 
mechanism for treated fibres and adhesive failure for 
untreated fibres.
Keywords: adhesion; imaging XPS; adsorption isotherms
INTRODUCTION
Surface treatments are applied to carbon fibres in order to optimize their 
adhesion to epoxy resins. The contribution of surface chemical groups to 
adhesion has been investigated by a variety of surface analytical 
techniques. The aim of this paper is to demonstrate the potential of two 
new methods of analysing the fibre surfaces. Derivitization techniques have 
shown acidity increases on the surface of treated fibres [1], A more 
quantitative development of this method using adsorption isotherms is used 
in the present study in order to calculate the surface acidity [2]. With 
established surface analytical techniques the lack of spatial resolution 
means that tows of fibres must be observed, however, with the development 
of iXPS it is possible to image single fibres and to differentiate between 
chemical states on the surface of one fibre compared to another. 
Preliminary results of possible uses in the study of interfacial adhesion 
are presented here.
ADSORPTION ISOTHERMS
Electrolytically oxidised carbon fibres have been studied using a selective 
adsorption technique to create adsorption isotherms. The method involves 
treating the fibres with varying concentrations of solutions of magnesium 
sulphate and plotting the uptake of magnesium by acidic groups on the 
fibre. Uptake is measured using XPS. The acidic groups labelled by the 
magnesium are thought to be mostly COOH groups [1], The resulting isotherms 
for XAU (untreated) and XA25 (treated at optimum level - 25Coulombs/m2 [3]) 
are shown in fig.1.
Langmuir Isotherms
The data has been fitted to Langmuir isotherms [2] as demonstrated also in 
fig.1. The parameter xm determined from the model represents monolayer 
coverage or one Mg atom labelling two COOH groups (as Mg is divalent) and 
B is related to the heat of adsorption. These are shown in Table 1 for XAU 
and XA25 along with a value for surface acidity calculated from xm by the 
method of Denison [1]. All these values show an increase with treatment of
the fibre. This demonstrates not only an increase in acidity with treatment 
but a possible change in the nature of the bond. The value of B and 
therefore the heat of adsorption is higher. This is indicative of an 
increased tendency to bond chemically.
IMAGING XPS
High resolution XPS spectra of the C1s energy for untreated (IU) and 
commercially treated fibres (IT) are shown in fig.2. The increase in 
surface oxygen can be seen clearly in the C=0 component of the treated 
fibre. However, the main disadvantage of XPS is its spatial resolution. 
Initial experiments were carried out using iXPS to establish whether 
individual fibres could be identified. Fig.3a shows the modulation of C1s 
intensity as a function of position for a mixture of treated and untreated 
carbon fibres. Individual fibres are clearly seen (treated in lower left 
sector). Images from binding energies specific to elements or chemical 
groups can be used to identify differences in treated and untreated fibres. 
Fig.s 3c and d show the use of 0 and N as marker elements for treated 
fibres and fig.3b shows how the treated fibres can be identified by mapping 
the intensity of the chemically shifted carbon associated with oxygen.
To demonstrate the effect of the increase in acidity observed in Table 1, 
fibres XAU and XA25 were embedded in epoxy resin and then pulled out and 
imaged using iXPS. Fig.4a shows two treated fibres crossing one horizontal 
untreated fibre imaged at the graphitic C1s peak energy and at a shift of
3.5 ev in fig.4b. These fibres show no difference in their C1s peak before 
erabeddment unlike the fibres in the above study, yet after pullout it can 
be seen from the figures that the treated fibres have a greater intensity 
of the higher energy electrons. This is thought to be due to an 
electrostatic shift of the C1s peak rather than a chemical shift of any 
kind. One explanation of this may be that the treated fibres have a 
covering of non conductive resin on the surface. If resin residue remains 
after pullout this tends to suggest a cohesive failure mechanism compared 
to the untreated fibre which has no such coating and must therefore fail 
adhesively.
CONCLUSIONS
The results show that it is possible to assess the value of fibre acidity 
by use of adsorption isotherms measured by XPS. It has also been 
demonstrated that iXPS can be employed to differentiate between the levels 
of surface treatment of single fibres. After pullout from resin the fibres 
could be imaged to observe the possible presence of a resin overlayer on 
the treated fibres. This gives an indication of the mode of failure for 
treated fibres due to the enhancement of adhesion by increased acidity on 
the surface.
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Table1 Values calculated from Langmuir isotherm for XAU and XA25
Surface Treatment (C/m2) 
Monolayer xm (%)
Acidity (jiequivalent/g) 
Constant B
0(XAU)
0.8
6.03
6.3
25(XA25) Solution conc.(S)
0.98 uptake
7.6 = 1/Bxm + S/xm
35
A
to
m
ic
 
% 
u
p
ta
ke
1.6
1.4-
1.2 -
0.8-
0.6 -
0.4-
0.2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1.6
1.4-
1.2 -
<D
CO
0.8-
g
E
° . 0.6-
0.4-
0.2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1a Solution concentrationS/So(saturated) 1b Solution Concentration S/So(saturated)
Fig. 1.Adsorption isotherms for a) XAU b) XA25
CIS. 6000
C 5000
U 4000
t  3000  
S 2000
1000
2 7 6  2 7 6  2 6 0  2 8 2  2 8 4  2 6 6  288  290 292  29 4  29 6  2 9 8  300  
' ' ' r B in d in g  Energy /  eVT T18
CIS
14
10
6
2
2 a  276 278  280 2 8 2  28 4  2 8 6  2 8 8  2 9 0  2 9 2  2 9 4  2 9 6  298 300
B in d in g  E nergy /  eV 
Fig.2.XPS spectra C1s energy for a)IU and b) I T
E S C *  I N H 6 R  v ' i  -*>h . I*.
c n ~ o  p - b  - \ , V  * * *
; ■. • * < . ■ jjfc *
s ** - ** . • > *, . .1%■»'%••-. • L ■ i. . *S. sj > • ; 4 *- « 4
. . £ > * •  • . . X \  . ;i ■*>. , ' K  V :*. "dr* I A *»• . » 'I? »
^  | n fcr .••»•»«*• jk, ^
®'-j£ .r: •F TP a-. * r - 42 • • * . ■* - -
& * ' ■ & .  - ;.■
.  ; v ~ w  ••? '•  * ■>. ■*  f l l i  “ ■* “ ’ 4 ■ „ + i " * i
 ^ 'i! “*«■ *«► *.-• ‘V -5, ??>*.* * v  t • *•; . s . %j
*- . r* • v %: 1
■ *fg n # « fc , T • » - .****. V . _ f;v •
C l i - O  . * * •  ..“ ■
3a 3b
i » C «  IM A G E  
O i l  p ~b
. * J« •*•■ ....*.-»• «£ 9* ,. -. *•-> v  .
-’I/„ . '± S \ ‘\ V *  . ••" •:
*-.♦?* »-. _ . • a!? i . *>$*%•***&»+..' % ■#•
^ v ^ v -  ’-V :* -
i ••"’ -■ ■■ •->• *■ .*-> •■ »- • t. . >
•HA >
Ola 1 0 8  u •
ESC A I li AGE 
M i l  p —b
■ ** »■ **1* 4..
‘**1 ■*' 1
• •£ **ii ’
'•i.
■ v *  *'  ^  ?  . i  * «
• • - ■ tv . •% -**m. J; :.• -•
.  • v ;  ' . / / 3 c .  , .
• * - '
;• - /
/,-*•■
Nil
3c 3d
I S C  f» I H H f t F  • 
t. I <r. . U M  I P r  i» T I II
? rio u i»  r n u  
W^-«-
I !■ f 
i I
r* I H} i s»F 
i p i 111r n
'Hum I (l(|
4 a 4b
Fig.3.iXPS images of IU and IT for a) C1s b) C1s-0 ev c)01s d)Nls 
Fig.4.iXPS images of XAU and XA25 for a)C1s b)C1s +3.5ev shift
. 
#t
.
To appear in Journal of Materials Science, submitted and 
accepted, 1991.
INTERFACIALDEBO NDING  AND FIBRE PULL-OUT STRESSES:
A C R IT IC A L COMPARISON OF EXISTING  THEORIES W IT H  EXPERIMENTS
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ABSTRACT
Two current theories (i. e. Gao et al. and Hsueh) of interfacial debonding and fibre pull-out, which have been 
developed on the basis of fracture mechanics and shear strength criteria respectively, are critically compared 
with experimental results of several composite systems. From the plots of partial debond stress <r/ as a 
function of debond length three different cases of interfacial debond process can be identified: i.e. totally 
unstable, partially stable and totally stable. The stability of the debond process is governed not only by elastic 
constants, relative volume of fibre and matrix but more importantly by the nature of bonding at the interface 
and embedded fibre length L. It is found that for the epoxy-based matrix composite systems Gao et ai's 
model predicts the trend of maximum debond stress <ra“ very well for long L, but it always overestimates <ra“ 
for very short L. In contrast, Hsueh’s model has the capability to predict <rd" for short L, but it often needs 
significant adjustment to the bond shear strength for a better fit of the experimental results for long L. For 
a ceramic-based matrix composite, <ra“ predicted by the two models agree exceptionally well with the 
experiment over almost the whole range of L, a reflection that the assumed stable debond process in theory 
is actually achieved in practice. With respect to the initial frictional pull-out stress <rf, the agreement between 
the two theories and experiments is excellent for all range of L and all composite systems, suggesting that 
the solutions for o> proposed by the two models are essentially identical. Although Gao et cd. ’s model has the 
advantage to determine accurately the important interfacial properties such as residual clamping stress q<j and 
coefficient of friction /*, it needs some modifications if accurate predictions of <ra“ are sought for very short 
L. These include varying interfacial fracture toughness G,,. with debond crack growth, unstable debonding for 
very short L and inclusion of shear deformation in the matrix for the evaluation of G-^  and fibre stress 
distribution. Hsueh’s model may also be improved to obtain a better solution by including the effect of matrix 
axial stress existing at the debonded region on the frictionless debond stress a0.
1
1. INTRODUCTION
As the use of advanced fibre composite materials in engineering application is extended, 
fundamental considerations of cost and structural efficiency are augmented by improving 
design reliability. This requires a basic understanding of how the fracture process initiates 
and progresses to final failure. Of particular importance during fracture is the local 
response of the fibre-matrix interface which has pronounced effects on the mechanical 
performance and structural integrity of the composite. Experience has shown that when 
a crack moves through a matrix containing fibres, energies are absorbed by the failure 
mechanisms such as matrix cracking, fibre-matrix interfacial debonding, post-debonding 
friction, fibre fracture, stress redistribution, fibre pull-out, etc. among which debonding 
and frictional sliding during fibre pull-out provide major contributions to the fracture 
toughness of most fibre composites with polymer and ceramic based matrices. Therefore, 
optimal conditions for toughening of fibre composites require these mechanisms to occur 
properly, which in turn needs proper control of the interfacial properties. A 
comprehensive review on how the interfacial properties influence the strength and 
fracture toughness of fibre composites, including the various methods for improving the 
fracture toughness by means of interface control, is recently given by Kim and Mai [1].
Several experimental techniques have been developed to characterise the 
interfacial properties including the single fibre pull-out test [2], the single fibre fragment 
test [3], the microdebond test [3] and the fibre push-out (or indentation) test [4]. Among 
these methods, the most popular and reliable method seems to be the single fibre pull- 
out test which is the subject of the present study. Theoretical analyses of the debonding 
and fibre pull-out problem can be classified into two distinct approaches: one is based
on a maximum shear stress criterion such that when the interfacial shear stress exceeds 
the shear bond strength complete debonding occurs unstably; and the other is based on 
the concept of fracture mechanics where the debonded zone is considered as an 
interfacial crack and its extension is dependent on the energy criterion being satisfied. 
The first approach is typified by the early work of Cox [6], Greszczuk [7] and Takaku and 
Arridge [8] based on the ’shear lag’ model, namely that the tensile stresses in the matrix 
are negligible relative to those in the fibres whereas the shear stresses in the fibres are 
small compared to those in the matrix. Lawrence and Laws [9,10]have included the effect 
of frictional shear stress opposing the pull-out at the debonded region. The shear strength 
criterion has been modified recently in a series of studies by Hsueh [11,12] who 
postulated that a progressive stable debonding exists along the interface and considered 
the effect of shear deformation in the matrix. Representative work of the fracture 
mechanics approach includes those of Gurney and Hunt [13],Outwater and Murphy [14] 
and Stang and Shah [15]. Following the argument of previous workers [15,16] that the 
fracture mechanics approach to the debonding problem is preferred to the maximum 
debonding criterion, Gao et al. [17] have presented a rigorous analysis where a pre­
debonded interface is modelled as a crack propagating stably along the interface with a 
constant interfacial fracture toughness (or specific energy absorption) under plane strain 
condition. Both the effects of friction at the debonded region and Poisson contraction of 
the fibre are included in the Hsueh [11,12] and Gao etal. [17] analyses. All these above 
studies assume zero interface thickness and uniform homogeneous matrix properties so 
that any difference in properties of the matrix material immediately surrounding the fibre 
(i.e. commonly referred to as the "interphase" as contrast to the bulk matrix material) is 
neglected.
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The principal aim of the present study is to enhance our understanding of the 
debonding and fibre pull-out problem by (i) identifying the similarities and differences 
between the two debond criteria mentioned above, (ii) evaluating critically the validity 
and discrepancy of the assumptions made in each criterion, and (iii) providing possible 
solutions for improved theories. For this purpose, two typical models, z.e.Gao et al. [17] 
and Hsueh [11,12] representing the fracture mechanics- and shear strength-based criteria 
respectively, are used to compare with experimental results of several different composite 
systems.
2. CURRENT THEORIES FOR FIBRE DEBOND AND PULL-OUT
Both Gao etal. [17] and Hsueh [11,12] considered a shear lag model where a fibre (with 
radius a) is located at the centre of a coaxial cylindrical shell of matrix (with an outer 
radius b) as shown in Fig 1. z is the direction parallel to the fibre axis and L is the total 
embedded fibre length. In the fibre pull-out experiments, the composite is fixed at one 
end (z=0) and a tensile stress is applied at the other end (z =  L) of the embedded fibre 
with a constant displacement or loading rate. Both models assume that the debond crack 
propagates from the loaded end of the fibre so that any effect of arising from considering 
debond crack propagation from the embedded fibre end (z = 0), the so-called "two-way 
debonding" [18-20], is neglected.
2.1 The Gao-Mai-Cotterell model
Gao et a /.’smodel [17] assumes a pre-debonded region (L-z) as a pre-crack in the context 
of fracture mechanics, deriving the partial debond stress <rdp as a function of the partial
debond length (L-z):
__ exp {X (L-z)} - 1
=  <*0 +  (<* " <>b)[----------------------------------------- ]
exp {X (L-z)} - 1 + 0
ob +- (<r - Oq) [1 - exp{-X (L-z)}] (la )
where
1 +  (y!ot)(v Jvd
0  =  --------=-------------------------------------------- *  1 forb2 > > a 2 (lb )
1 + ( t /« ) { (1  - 2  k 0 / ( 1  - 2  k O
0O is the frictionless debond stress independent of z, X is the reciprocal length giving the
effective shear stress transfer distance and 0  is the asymptotic debond stress for long 
embedded length L . The experimentally determined parameters 0O, X and 0  are related
to the interfacial fracture toughness Gfc, the coefficient of friction at the interface p and
the residual clamping stress q0 by:
4 Ef Gj,. {(1  - 2 k V{) +  (7/* ) ( l  - 2 k O }  4 E .G ,.
0O =  [ -------------------------------------------------------------- ] ' *  ~ [ --------------------- ]« *  (2a)
a (1 - 2  k pf) 2 a (1 - 2  k pf)
X =  2 / i k / a  (2b)
0 =  - (qo/ k) (1  +  (y la )(v jv {)} (2c)
where a  =  Em/Ef (Young’s modulus ratio of the matrix to the fibre), 7 =  a2 /  (b2 - a2)
(fibre volume fraction) and k =  (av{ +  7 O  / {« (1  - vd +  1 +  vm +  2 7 }. v{ and vm are
the fibre and matrix Poisson ratios. The solution for the initial frictional pull-out stress 
0f after complete debonding can be obtained by substituting 0O =  0  and the partial 
debond length (L-z) by the full debond length L (i.e. z=0) in Eq la:
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_  exp (X L) - 1 _
<rf =  cr [ ----------------------------- ] *  <r [1 - exp (-X L)] (3)
exp (X L) - 1 +  0
2.2 The Hsueh model
In Hsueh’s model [11], the solution fo r the partial debond stress 0 /  is given by:
Bi { 1  +  (yfa)(p jv f )}
*d =  <r0 +  (<r - oa) [ 1  -  ----------- ---------------------------]
X +  Bx (y!a )(v jv  f) +  B2
«  o-o +  (7 - o-q) [1 - B j / (X +  B j)] fo r b2 >  >a2 (4)
In Eq 4, the frictionless debond stress a0 for the fu ll embedded length L  is determined 
from the analytical solution for the fibre stress at the free matrix surface [2 1 ] when the 
interfacial shear stress exceeds the shear bond strength rb:
0 o =  [ 2 r b { l  +  (7 /a )} /  fia] tanh (BL) (5a)
where
1 +  (a /7 )
B = [ ----------- ------------ :--------------------] “  (5b)
( 1  +  x j{b 2 ln(b/a) - (a2/2 ?)}
The instantaneous 0 O values during progressive debonding can be determined by replacing 
L  w ith the bond length z. It should be noted that for b2 >  >a2, as in usual fibre pull-out 
experiments, Eq 5a is simplified to 0O =  PVBa] tanh(BL), which is the same solution 
for maximum debond stress 0 /  given in earlier papers [6 -8 ] when there is no friction at 
the debonded region. The parameters Bj and Bj are a function o f partial debond length 
(L -z ):
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(mt - rrij) exp {(m,^  +  mJOL-z)}
Bt =  -------------------------------------- --------
exp {ir^CL-z)} - exp {m2(L-z)}
(6a)
mi exp {m ^ -z )} - m2 exp (m2(L-z)}
B, =  ---------------------------------------------   (6 b)
exp {mjOL-z)} - exp {m2(L-z)}
where m, =  - {0  +  (Q2 - 4QX)1/2}/2  and m2 =  - {0  - (0 2 - 4QX)1/2}/2 . 0 =  - (fi2/X) [{1 +
(a/y)(v +  (a/7)}], which can be simplified to 0  *  - (B2/X)(V^m) f° r  b2>  >a2
The solution fo r the in itia l frictional pull-out stress <rf is obtained by substituting <r0 =  0 
in Eq 4 in a way sim ilar to Eq 3 as:
_  Bj { 1  +  (y/ct)( v j
fff = a [1 - ----------;--------------------------]
X +  Bi (y/a)( v j  p{) +  B2 
*  a [1 - B j / (X +  B j)] fo rb 2 > > a 2 (7)
In Eq 7, the parameters B! and B2 are determined by Eq 6  with z =  0.
The two theories discussed above are sim ilar in that <rdp is composed o f two
components: a frictionless debond stress component and a friction stress component. The
second component is directly proportional to (<r - a0) and is also controlled by X (or the
coefficient o f friction n). However, there is an obvious difference in the firs t component 
regarding the frictionless debond stress cr0 as can be seen in Eqs 2a and 5a. In Gao et al. ’s
model (r0 is invariant with the embedded fibre length L  and it depends only on the
interfacial fracture energy G*. In contrast, in Hsueh’s model <r0 is a function o f bond
length z and it approaches a constant value for long z as tanh Bz becomes unity. Instead 
o f Gjc the frictionless debond stress <r0 is now controlled by the shear bond strength rb.
3. COMPARISONS BETWEEN THEORIES AND EXPERIMENTS
3.1 Single fibre pull-out tests
Single fibre pull-out tests were performed on composite systems o f (both untreated and 
electrolytically oxidised) carbon fibres (XAU, supplied by Courtaulds, UK) embedded in 
an epoxy matrix (a DGEBA, Araldite MY 750 with hardener HY 951 in the ratio o f 
100:12 by weight, both supplied by Ciba Geigy) with elastic constants and radii given by 
Ef =  230 GPa, E* =  3.0 GPa, v{ =  0.2, vm — 0.4, a =  0.003 mm and b =  1.0 mm. Tests 
were also performed on model composites o f (both uncoated and release agent coated) 
stainless steel wire-epoxy matrix (a DGEBA, Araldite GY 260 with curing agent 
piperidine in the ratio o f 100:5 by weight) for which Ef =  179 GPa, Em = 3.0 GPa, v{ =
0.3, vm =  0.35,a =  0.275 mm and b =  6.5 mm. Fibres were pulled from the matrix using 
an Instron testing machine with cross-head speed 0.05 and 0.5 mm/min respectively for 
the carbon fibre- and steel wire-epoxy matrix composite systems. The pull-out force- 
displacement curves were obtained and used to determine the maximum debond stress 
crd* and the in itia l frictional pull-out stress af based on the-force values at the points just 
before and after the instantaneous load drop. The frictionless in itia l debond stress aQ for 
Gao et al.'s model is also recorded when an instantaneous small load drop was first 
observed in the rising stress-displacement record, as suggested previously [17]. For the 
carbon fibre-epoxy matrix composite system the embedded fibre length L was measured 
after the pull-out test using a scanning electron microscope.
In an e ffort to provide more general comparisons, published data for a composite 
system o f SiC fibres embedded in a borosilicate glass matrix [22] (Ef =  400 GPa, En, = 
70 GPa, p{ — 0.17, pm =  0.2, a = 0.071 mm and b = 2.8 mm) were also analysed.
3.2 Evaluation of interfacial parameters <r0, X and a
To calculate the predicted values for the maximum debond stress crd* and the frictional 
pull-out stress af it  is necessary to determine the parameters <r0, X and a which are 
functions o f the material properties G* (or rb), p and q0 respectively. These properties 
are seldom measured accurately and reported values fo r a sim ilar composite system (even 
i f  available) cannot be directly applied. This implies that fibre debond theories should 
provide a systematic means to determine these properties with reasonable accuracy, 
rather than adjusting them to f it  the theoretical predictions to experimental results based 
on a tria l and error method.
In fact, Gao etaVs model has such an advantage to evaluate these parameters. It 
w ill be shown later that for Gao et aV  s model the maximum debond stress <rd* is always 
obtained at the moment o f complete debonding when the debond crack reaches the fu ll 
embedded length L  and the in itia l frictional pull-out stress af after complete debonding 
is also a function o f the fu ll debond length L. Therefore, once the relationships o f <rd* 
versus L  and o> versus L  are empirically obtained, the independent parameters aQl X and 
a can be determined on the basis o f the solutions for <rd* and <rf. Rearrangement o f Eqs 
3 and la  which are a function o f L  gives:
X =  - (1/L) In [1 - ( a f i j l (8 a)
0 o =  (o'd* - 0 f) exp (XL) =  a (<rd* - a^!(a - <xf) (8 b)
I f  data for the frictionless in itia l debond stress a0 are available directly from the fibre 
pull-out tests, X and a are easily determined using a linear least squares analysis o f Eqs
9
8a and 8 b. Alternatively, the in itia l gradient can be taken from the linear region o f the 
experimental cy versus L  curves which is equal to the derivative o f the solution fo r oy in 
Eq 3 with respect to the fu ll debond length L:
(dffy / dL) l- o — ^  o’ (8 c)
In using Eq 8 b in  conjunction o f Eqs 8a and 8 c, it  is necessary to avoid the experimental 
<rd* data obtained fo r very short embedded fibre length L  since Gao et aV  s model was 
developed basically for long L.
A sim ilar treatment cannot be made fo r Hsueh’s model to determine the fibre- 
pull-out parameters. This is because the maximum debond stress ad* is a complex function 
o f the bond length z as well as the partial debond length (L-z) for a given embedded 
fibre length L , to be shown in Section 3.3. However, an average value for the shear bond 
strength rb can be determined from the in itia l gradient taken o f the experimental 
maximum debond stress <rd versus L  curve as:
The values o f the fibre pull-out parameters and the interfacial properties
determined based on Eqs 8 a to 8 d for the different composite systems are given in Table
1. It is worth noting that the frictionless in itia l debond stress <r0 value (=316 MPa)
determined by using Eq 8 b for the release agent coated steel wire-epoxy matrix
composites is approximately equal to the average value (=  304 ±102 MPa, as shown in 
Fig. 2) o f those obtained directly from the experiment during stable debonding. However,
for the reasons to be described later, only a few observations o f such in itia l debonding
(da/ / dL) L=0 =  2 r„ {1 +  (ylcc)} / a (8 d)
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were obtained for the other composite systems tested by the authors. It is therefore, not 
possible to make sim ilar comparisons. Details on the experimental <r0 values have not 
been reported fo r the SiC fibre-glass matrix composites [22],
3.3 Partial debond stress <rdp and instability of debond process
In a previous study by the authors [23], three different cases o f debond process with 
regard to instability have been identified by comparison o f the partial debond stress <rdp, 
which is the sum o f the frictionless debond and friction stress components, for different 
embedded fibre lengths. In the present study, the results for the carbon fibre-epoxy matrix 
composite are plotted against partial debond length (L-z) (Fig. 3), and its implication on 
the instability condition o f the debond process which in turn determines the maximum 
debond stress a / is discussed in more detail.
For a given L, as debond length (L-z) increases the friction stress component 
always increases steadily in both theories, the increase being non-linear due to Poisson 
contraction o f the fibre in the debonded region. However, the frictionless debond stress 
component varies according to the assumptions made in each theory. I f  a constant <r0 
value is assumed regardless o f the embedded fibre length L  (i.e. constant G* in Gao et 
aVs model [17] and a maximum <r0 value for long L  where tanh {flz} *  1 in Hsueh’s 
model [ 1 1 ]), the partial debond stress <rdp increases with the same rate as the friction 
stress component (Fig. 3a). Therefore, the maximum debond stress crd* is obtained always 
at the moment o f complete debonding when the debond crack reaches the fu ll embedded 
length (i.e. z =  0 ), and consequently the solutions for the maximum debond stress ad in 
Gao etal. ’sand Hsueh’s models become always a function o f the entire embedded length
L: i.e. for Gao et a/.’smodel [11],
<rdm =  (tq +  (<x - a0) [1 - exp(-X L )] (9)
Indeed, with this assumption, good agreement was reported [11,17] for the maximum 
debond stress <rd* as well as the in itia l frictional pull-out stress a( predicted by both 
theories when compared with the same experimental results obtained by Takaku and 
Arridge [8 ] on sufficiently long embedded fibre lengths. In this comparison [11], Hsueh 
used a constant (i.e. maximum) value for cr0 independent o f L , in  contrast to the adoption 
o f a non-constant <r0 in his later study [ 1 2 ].
However, i f  it  is assumed that the instantaneous a0 values vary as a function of
bond length z during the fibre debond process as in Hsueh’s model [12], the debond
stress component decreases toward zero depending on the fibre embedded length L: for
short L , it  decreases from the beginning while for long L  it  is in itia lly  constant (i.e. tanh
(Bz) =  1) and decreases to zero (Fig. 3b). Since the friction stress component always 
increases with (L-z) these two stress components balance each other to determine the
instantaneous values o f partial debond stress <rdp. This implies that whether <rdp decreases
from the beginning or increases to a maximum and then decreases during the fibre
debond process for a given composite system depends on the embedded fibre length L.
In this case, the maximum debond stress <rd* is significantly greater than the stress
obtained at the moment o f complete debonding at z=0 as can be seen in Fig. 3b. In
practical fibre pull-out experiments, however, the maximum stress leads immediately to
complete debonding followed by a precipitous load drop so that the gradual stress
decrease after the maximum as shown in Fig. 3b can never be visualised in the pull-out
stress versus displacement curve. For this reason, the maximum debond stress is often
incorrectly interpreted as being the same as the complete debond stress.
The instability condition requires that the derivative o f the partial debond stress 
<rdp w ith respect to the bond length z is equal to or less than zero: i.e. d(rdp/dz <  0 [23]. 
In other words, the fibre debond process becomes unstable when the slope o f the curve 
<7/  is zero where the maximum debond stress <rd* is obtained. For an assumed constant 
frictionless debond stress (Fig. 3a), fibre debonding is always stable until complete 
debonding at z=0 where crdp =  crd*. However, for a varying debond stress component (Fig. 
3b), the stability o f the debond process is dependent on the partial debond length (L-z) 
relative to the embedded fibre length L , and there is a maximum bond length z ^  below 
which the debond process becomes unstable [9,10]. The values for z ^  determined by 
numerical treatment o f Hsueh’s theory in Eq 4 with the assumed frictionless debond 
stress 0 q are given in Table 1. I t  is interesting to note that fo r the SiC fibre-glass matrix 
composite z ^  values are very small (i.e  z ^  *  0 ) whether the fibres are acid treated or 
not. I f  a simplified solution fo r the partial debond stress proposed by Karbhari and 
W ilkins [24] (i.e. a /  =  <r0 +  2rf(L-z)/a) is used, neglecting the effect o f Poisson 
contraction o f the fibre and assuming a constant friction shear stress r f at the debonded 
region in the context o f the maximum shear strength criterion, the above instability 
condition gives a closed form solution for the maximum bond length z ^  [24]:
Znux =  (1/B) cosh-1 {(V tyX I +  7/a)} 1/2 (10)
which is basically the same equation given earlier by Lawrence [9]. It is obvious from Eq
10 that the ratio of rb to rf, Young’s modulus ratio a, fibre volume fraction 7 and fi
(which is again a function of a and 7) determine the fibre debonding instability for a 
given composite system, with the limiting value of zero when rb «  rf (e.g. SiC fibre-glass
matrix composites [22], as shown in Table 1, where the interfacial bonding is principally
mechanical in nature) and b2 >  >a2. I t  is noted that the values (e.g. 116 ftm and 5.8
mm fo r the carbon fibre- and release agent coated steel wire-epoxy matrix composites
respectively) estimated based on Eq 10 are slightly smaller than the values (152 /zm and 
6.5 mm) obtained by using Hsueh’s theory due to the effect o f Poisson contraction o f the
fibre in  the debonded region being neglected which therefore overestimates the friction
stress component in  the simplified solution. The constant r f values given in Table 1 were
determined from the in itia l gradient taken o f the experimental <rf versus L  curves for the
different composite systems.
Based on the discussions presented above, three different fibre debond processes 
can be identified in terms o f stability and the corresponding pull-out stress versus 
displacement curves are schematically shown in Fig. 4. I f  L  <  z ^ , the debond process 
is totally unstable and in itia l debond leads immediately to complete debonding (i.e. a0 = 
<rd*). Therefore, the stress-displacement curve shows a monotonic increase in stress until 
debonding is initiated, followed by an instantaneous load drop (Fig. 4a). In this case, 
neither theories proposed by Gao et al. [17] and Hsueh [11,12] can be directly applied 
to predict the maximum debond stress od . This is because Gao et a /.’smodel is developed 
basically for very long embedded fibre lengths and in Hsueh’s model the friction stress 
component no longer exists and stable debonding cannot be obtained. Instead, the 
maximum debond stress <rd* is simply given by Eq 5a which is based on the assumption 
o f unstable debonding [6 -8 ]. Totally unstable debonding may also occur when the 
frictional shear stress in the debonded region is negligible so that z ^  approaches an 
infin ite value as can be envisaged from Eq 10. In this circumstance, Eq 5a also satisfies 
the solution for the maximum debond stress <rd\  However, when considering the fact that
a major toughening mechanism in most advanced fibre composites is related to. the 
frictional resistance at the interface during fibre pull-out, the situation o f zero interfacial 
friction (z.e. either zero residual clamping stress q0 or zero coefficient o f friction fi) seems 
unlikely in practice. I f  L  >  z ^ , then the debond crack propagation takes place in a 
macroscopically stable manner, though "stick-slips" are observed in the rising stress- 
displacement curve (Fig. 4b). Stable debonding proceeds until the debond length reaches 
(L-Zm*x), followed by unstable debonding (i.e. partially stable). Therefore, the maximum 
debond stress ad* can be determined by replacing z with z ^  in Eq 4. In the extreme case 
o f Zqux *  0  as fo r some ceramic matrix composites, the debond process is always stable 
until complete debond takes place regardless o f embedded fibre length L. The rising 
portion o f the debond stress versus displacement curve schematically shown in Fig. 4c is 
typically linear without "stick-slips" and there is no substantial load drop after complete 
debonding [25]. This is because the interface is in principal ffictionally bonded and there 
is little  chemical bonding (i.e. Gk or rb is small). Therefore, the linear increase in stress 
represents prim arily the frictional shear stress transfer across the interface without virtual 
debonding until the frictional resistance over the entire embedded fibre length is 
overcome. The maximum debond stress <rd* is then approximately equal to the in itia l 
frictional pull-out stress crf because the frictionless debond stress aQ is negligible (due to 
small Gjc or rb) and the friction stress component is a function o f the entire embedded 
length L. Therefore, for three different debond processes, solutions for the maximum 
debond stress <rd* in Hsueh’s model can be itemised correctly as:
ad* =  [2 rb {1 +  (7 /<x)} / 6a] tanh (6 L) for L <  (11a)
_  Bj {1  +  ( y / a ) (  v j  v {) }
<*4 = ffo +  (<r - cr0) [1 ---------------------------------------------] for L > (lib )
X +  Bj ( y / a ) (  v j  v f)  +  ^
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_  B4 {1 -h (y/ot)( v j  Pf)}
< fd  ~  <*f =  < * [ 1 ----------------------------------------------------------------- ]  f o r  Z mMX *  0  (HQ)
X +  Bt (7/« )( V j P d+ *2
In Eq lib , (r0 is a function o f z ,^ , and BL and B2 are a function o f (L -z^J fo r z ,^  *  0
while in  Eq 11c Bj and B2 are a function o f the fu ll debond length L .
It should be noted that in  reality the stability for fibre debonding is impaired 
significantly by the testing conditions (e.g.soft testing machine, long free fibre length, etc) 
so that debonding could become unstable even for L  >  z ^  and in composites with z ^
«  0. In fact, the experimental value z ^  =  15 mm, above which stable debonding is
observed, fo r release agent coated steel wire-epoxy composites (Fig. 2) is greater than the 
predicted values o f either 6.5 mm or 5.8 mm based on Hsueh’s theory or the simplified 
solution given in Eq 10 by a factor o f about two. Moreover, when the embedded fibre 
length L  is very short, the precipitous load drop after complete debonding may be 
aggravated by the release o f the strain energy stored in the stretched fibre. The load 
drops to zero i f  the fibre is completely pulled out from the matrix. Alternatively, i f  the 
fibre is regripped by the clamping pressure exerted by the surrounding matrix material 
frictional pull-out o f the fibre recurs.
The maximum embedded fibre length above which the fibre breaks without 
being debonded and pulled out for a given composite system can be evaluated by 
equating the solution for the maximum debond stress ad* to the fibre tensile strength at 
(which is measured on a gauge length identical to the free fibre length used in fibre pull- 
out tests). Gao et a /.’smodel gives:
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I^ x  =  (1/X) In [(<r - a0)/(<r - oO] .(12a)
For a sim ilar treatment in Hsueh’s model, value needs to be determined beforehand. 
I f  the simplified solution [24] is used:
In Eq 12b, a0 is the frictionless debond stress determined at z =  z ^ . It is noted that the 
values (=  800 pm, 49.3 mm and 23.3 mm for the carbon fibre-epoxy matrix and 
untreated and acid treated SiC fibres-glass matrix composites respectively) estimated by 
using Gao etal.'smodel in Eq 12a are comparable to those (L ^  =914 pm, 51.0mm and 
25.0 mm) obtained from the numerical treatment o f Hsueh’s model. These predictions 
are approximately the same as the experimental values (51.0 mm and 21.7 mm) for 
the untreated and acid treated SiC fibres-glass matrix composites. For the carbon fibre- 
epoxy matrix composite, up to L  =  420 pm has been tested without fibre breakage (i.e. 
the experimental value should be greater than 420 pm for this composite). However, 
the simplified solution in Eq 12b which is based on a constant r f value predicts 
significantly smaller values (=  300 pm, 25.9 mm and. 14.4 mm), by almost a factor 
o f two, due to the overestimate o f the friction stress component which results in 
unnecessarily large maximum debond stress <rd* as mentioned earlier. A sim ilar 
comparison may not be worthwhile fo r the steel wire-epoxy matrix composites since the 
steel w ire exhibits non-linear plastic deformation near the breaking stress which makes 
the estimation o f values rather inaccurate.
3.4 Comparisons of maximum debond stress <rd* and frictiona l pull-out stress a{ between 
theories and experiments
Ltau =  a (<r, - <Tq)/2 t , + (12b)
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The maximum debond stress <rdm and the in itia l frictional pull-out stress <rf calculated 
based on the two theories (i.e. Eqs 9 and 3 for Gao et g/.’s model and Eqs 11a to 11c and 
7 fo r Hsueh’s model) are compared with experimental results fo r different composites as 
shown in Figs. 5, 6  and 7. Although slight improvement in  the interfacial bond strength 
were observed fo r some electrolytically oxidised carbon fibres, for simplicity they are 
treated in the same data group as the untreated fibres w ith identical interfacial properties 
in  Fig. 5.
Varying degree o f agreement is obtained fo r crd* between both theories and
experiments depending on the composite systems used and embedded fibre lengths (Figs.
5a, 6 a and 7a). For the two epoxy-based matrix composite systems (Figs. 5a and 6 a), Gao
et g/.’s model predicts the trend o f <rd* well for long L  but it  always overestimates <rd* for
very short L  (i.e. L  <  z^.r). This raises several problems on the validity o f the
assumptions made in Gao et aV  s model which include: a constant G* (or <r0) value for
debonding, stable debond propagation for a ll embedded fibre length L, and more
importantly the strain energy stored in the bonded region which is neglected in the
analysis. In contrast, although Hsueh’s model has a capability to describe the details o f
ad for very short L  (i.e. L  <  z ^ ,  it  tends to underestimate slightly <rd* as L  is increased.
Therefore, in using Hsueh’s model significant adjustment to the pull-out parameters
(particularly the bond shear strength rb or the frictionless debond stress cr0) is necessary
if  the predicted curves are to fit the experimental results for long L. For example,
provided that the values for other parameters X and ~a are correctly determined and thus 
are kept the same, a better agreement of Hsueh’s model with experimental results for
steel wire-epoxy matrix composites (Fig. 6 a) for long L  requires rb to be increased from
measured values o f 43.5 MPa to approximately 65 MPa (which is rather impractical since
this value is close to the tensile strength o f the epoxy matrix 66.5 MPa) and 9.0 MPa to 
approximately 15 MPa for the uncoated and release agent coated wires respectively. A 
sim ilar conclusion may be drawn fo r the carbon fibre-epoxy matrix composite (Fig. 5a) 
where the measured rb value (72.7 MPa which is already greater than the tensile strength 
o f the epoxy matrix) needs to be further increased for better fit o f the experimental data. 
In  contrast to the results for other two epoxy-based matrix composite systems, fo r the 
ceramic-based matrix composite system (Fig. 7a), <rd* curves predicted by both theories 
agree exceptionally well with experiments over almost the whole range o f L. This is 
because G* or <r0 are so small that the two models give sim ilar predictions.
W ith respect to the in itia l frictional pull-out stress oy, there is very good agreement 
between theories and experiments fo r a ll the composite systems used (Figs. 5b, 6 b and 
7b). Clearly, the predicted <rf from the two theories agree well each other, particularly for 
the carbon fibre-epoxy matrix (Fig. 5b) and SiC fibre-glass matrix composite systems (Fig. 
7b). This suggests that the solutions fo r oy proposed in the two different models are 
physically the same for fibre pull-out after complete debonding. In fact, such a suggestion 
has been proven by comparing the pull-out parameters used in the two models. It was 
found for the a ll composite systems used that the calculated value m2 (positive) was at 
least two orders o f magnitude greater than the value m, (negative) in absolute terms (i.e. 
m2 >  > m , ). Therefore, except fo r very short L , the coefficients B! and B2 given in Eqs
6 a and 6 b (which are now a function o f the entire embedded fibre length L) can be
simplified as:
Bi »  (m2 - mj) exp (mI L) (13a)
B2 «  m2 (13b)
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Combining Eqs 13a and 13b with the solution for the frictional pull-out stress <rf in Eq 
7 in Hsueh’s model this gives:
{1 +  (y/ot)( v j  j/f)} (m2 - mt) exp (mt L)
a, =  < r[l------------------------------------------------------------------]
X +  (y/a)( v j  v{) (m2 - mt) exp (mt L) +  m2
_  (m2 - m j) exp (mi L)
*  a [1 ---------------------------------- ] fo r b2 >  >  a2 (13c)
X +  m2
It is also noted that when b2 >  >a2 (say, the fibre volume fraction y  <  10'3, as for the
carbon fibre-epoxy matrix and SiC fibre-glass matrix composites), the magnitude o f mi
is very much the same as -X with less than 0.1% in error. Therefore, the simplified form 
o f Eq 13c becomes exactly the same as the solution given in Eq 3 o f Gao et tf/.’s model.
The physical significance o f the resemblance between the two models represented by the
parameters mi =  - X is yet to be clarified, but it  seems that the coefficient mi must be
related to the shear stress transfer distance at the interface as the pull-out parameter X 
itse lf indicates. The slightly underestimated af values by Hsueh’s theory relative to Gao
et a /.’stheory as observed in the steel wire-epoxy matrix composites (Fig. 6 b) appears to
be associated w ith the fin ite value o f y  (=  0.0018) which cannot be neglected in Hsueh’s 
equation. This result also suggests that the solution o f Hsueh’s model may be more
sensitive to the fibre volume fraction y  than Gao at al’s model.
The good agreement with experiments over the whole range o f embedded fibre
lengths also proves that the parameters a7and X (which in turn determine the interfacial 
properties q0 and fi) evaluated based on Gao et a /.’s model (Eqs 8 a, 8 b and 8 c) are
properly chosen.
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4. DISCUSSIONS
As noted from the comparisons fo r the epoxy-based composite systems shown in Figs. 5a 
and 6 a, the complete debond stress <rd* obtained from fibre pull-out tests diminishes 
toward zero as the embedded fibre length L  is decreased to zero, which is exactly the 
same trend as what Hsueh’s model predicts. In contrast, Gao etal.*smodel overestimates 
<rd* values fo r very short L , particularly fo r the epoxy-based matrix composite systems, 
giving a constant frictionless debond stress a0 fo r zero L . However, it  should be pointed 
here that single fibre pull-out tests w ith very short L  would not provide much practical 
significance because the maximum debond length which can be observed in fracture o f 
fibre composites (whether fibres are continuous or randomly oriented unless exceptionally 
short fibres are used) is approximately the same order as the critical transfer length 
(which corresponds to half the longest embedded fibre length in pull-out tests) [16].
To predict more accurately the maximum debond stress <rd* for very short L  two 
modification can be made in Gao et al.’smodel. The firs t is a rising crack growth 
resistance behaviour (namely, the R-curve behaviour) for the interfacial fracture 
toughness Gfc rather than a constant value. This modification is supported by the work 
o f Atkinson etal. [18]. In a study o f the pull-out o f glass rods from a polyurethane matrix 
based on the continuum mechanics approach using a fin ite  element model along with the 
corresponding singularity analysis, they show that the interfacial fracture toughness G* 
increases gradually with increasing debond crack length from the surface, the maximum 
Gjc value at the fu ll debond length reaching approximately three to five times the in itia l 
value at a small crack length depending on the method o f predictions. It is also noted 
that the mode I component o f the interfacial fracture toughness is important only at the
in itiation o f the surface crack while mode II component becomes dominant with debond 
crack propagation. The increasing Gfc value with debond length also requires that the 
debond crack must not propagate exactly along the fibre-matrix interface, but that failure 
occurs predominantly within the matrix material immediately surrounding the fibre (or 
the interphase) so that a fracture process zone o f some substantial size can be developed 
ahead o f the debond crack. This may be partly confirmed by the recent work o f 
Cazeneuve et al. [26] where scanning Auger microscopy reveals a thin layer (0.6 to 2 nm) 
o f epoxy matrix on the surface o f pulled out carbon fibres (which otherwise could not 
have been detected i f  optical or scanning electron microscopes were used). They propose 
that matrix molecules are absorbed on the fibre through bonding to the surface oxygen 
groups during cure cycle and that failure occurs between the firs t layer o f these matrix 
molecules and the rest o f the matrix. A sim ilar conclusion has also been established from 
the study using scanning secondary ion mass spectroscopy [27]. W ith regard to the 
properties o f the interphase compared to the bulk organic matrix material, a clear 
emerging view [28,29] is that the interphase is significantly softer and is capable o f very 
high deformation, supporting an earlier sim ilar hypothesis [30]. For example, W illiams 
et al. [28] showed that the average modulus o f the interphase o f thickness about 250 /xm 
in a single carbon fibre-epoxy matrix composites is about one quarter o f that in the bulk 
matrix. The effect o f this soft interphase is severely mitigated by the presence o f the rigid 
fibre which may effectively increase the modulus at the interphase very close to the fibre 
[28,31]. However, details on the fracture toughness at this interphase region have not 
been reported. Whether the interfacial fracture toughness G* values increase or not, once 
the G^-debond length (L-z) relationship is known it is possible to obtain a new solution 
for <r0 as a function o f embedded fibre length L. However, this requires the exact 
mechanisms o f the R-curve to be established. Moreover, this modification cannot avoid
a lim itation that the R-curve s till has a fin ite non-zero G* for debond in itia tion ,. and 
consequently does not exactly never satisfy the requirement o f zero debond stress at zero 
embedded fibre length.
Another modification which is more convincing than the one described above is 
that fo r very short L  (i.e. L  <  l , t) the debond process becomes unstable [9,10] and thus 
the original shear strength criterion [6 -8 ] could control the whole fibre debond process 
as discussed in Section 3.3. In fact, a sim ilar conclusion has been reported previously by 
other workers [32,33].Piggott [33] suggests that for very short L  the fibre debond process 
in an organic matrix may be accompanied by a yielding process, an indication that shear 
deformation in the matrix plays an important role to determine stress distribution in the 
fibre fo r short L . To accommodate the unstable debond process in the context o f fracture 
mechanics approach requires proper modifications to the assumptions made in Gao et 
aV  smodel.
The fact that Hsueh’s solution tends to underestimate slightly the maximum
debond stress crd* as the embedded fibre length L  is increased (Figs. 5a and 6 a) needs
further discussion. It is worth recalling that the interfacial parameters X and F  are 
determined on the basis o f the experimental results for the in itia l frictional pull-out stress
crf which is a function o f the entire embedded fibre length L, while the solution fo r the
maximum debond stress <rd* in Hsueh’s model is a function o f the partial debond length
(L-Zoux)* The above discrepancy appears to arise mainly from an underestimate o f the
frictionless debond stress <r0in Eq lib  due to the incorrectly defined boundary condition
with associated simplifying assumptions. Therefore, Hsueh’s model frequently needs an
artificia l increase in rb (and thus a0) for a better fit o f the experimental crd* data, provided
X and a are correctly chosen, as mentioned in Section 3.4. In Hsueh’s analysis [11] a 
second order differential equation for the axial fibre stress derived from the approximate
equilibrium o f stresses in the fibre, matrix and interface was solved for the boundary
conditions at both ends o f the debonded region (Eqs A16, A17 and A18). Therefore, the
condition fo r the continuity o f the fibre stress distribution along the fibre direction was
satisfied. Then, the partial debond stress was determined by considering the free-surface
condition o f the matrix (i.e. the matrix axial stress at the surface where fibre enters the
matrix is zero, Eqs A 15 and A20 in Ref. [11]). A ll these formulations were performed for
the debonded region where there was frictional resistance. However, the compatibility
o f the matrix axial stresses between the bonded and debonded regions was not properly
accounted for. I f  a constant cr0 is assumed as in Ref. [11] this condition does not cause
any problem. However, if  it  is assumed that the instantaneous a0 values vary as a function
o f bond length zas in Ref. [12], the boundary condition given by Eq A17 in Ref. [11] (i.e.
the fibre axial stress is equal to <r0 at the boundary o f the bonded and debonded regions)
becomes invalid as the effect o f matrix axial stress existing at the debonded (but
ffictionally connected) region is completely neglected. This would result in a discontinuity
o f the matrix stress distribution along the fibre direction as shown in Fig. 8  though the
correct stress value at the debonded region may not be significant compared with the
applied fibre stress, particularly for small fibre volume fractions (i.e. b2 > > a2). The
matrix axial stresses plotted in Fig. 8  are calculated based on Eqs 6  and 8  o f Ref. [18] for
the bonded region and Eqs A10 and A15 o f Ref. [11] for the debonded region with
assumed varying <r0 values for the carbon fibre-epoxy matrix composite system. It is noted
from Fig. 8  that the matrix stresses close to the outermost surface in the bonded region
are predominantly compressive. This anomaly seems to be associated with the simplifying
assumptions that stress components in the-radial and circumferential directions are not
considered fo r the stress-strain relationship in both the fibre and matrix [18]. I t  is 
expected that i f  the above conditions are correctly formulated in Hsueh*s analysis the 
fin ite  value o f the matrix axial stress gives rise to a corresponding fibre stress which in 
turn increases the frictionless debond stress <r0 fo r a given bond length. This could 
effectively bring up the maximum debond stress <rd* close to the experimental values for 
long L .
In contrast to the results for the other two composite systems shown in Figs. 5a 
and 6 a that the agreement for <rd* between theories and experiments is varied depending 
on the embedded fibre length L, for the SiC fibre-glass matrix composites (Fig. 7a), the 
agreement by both models is excellent over almost the whole range o f L . This appears 
to be a reflection o f the correct assumption made in both models regarding the stability 
o f interfacial debonding. It is worth iterating that both models originally assume stable 
debonding regardless o f L, a condition which is actually satisfied by this ceramic 
composite (i.e. negligible values both for untreated and acid treated SiC fibres as 
given in Table 1). I f  (which is a measure o f maximum embedded fibre length for 
unstable debond process) is compared to (the maximum embedded fibre length 
which can be pulled out without fibre breakage), it is found that the SiC fibre-glass 
matrix composites have a ratio =  0.0008 and 0.0036 respectively fo r the
untreated and acid treated SiC fibres. For the carbon fibre-epoxy matrix composites, the 
ratio is approximately 0.15,and for the uncoated steel wire-epoxy matrix composites this 
is even larger , i.e. 0.66, if  the experimental value =  11.9 mm is used. Therefore, the 
existing solutions o f the two models can be reliably used without any modification to 
predict both <rd. and oy if  the ratio is negligible.
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In the comparison of the two current theoretical models, the effect of fibre radius
relative to the matrix radius (or the fibre volume fraction 7 ) has not been specifically 
examined. Certainly, one can carry out pull-out tests w ith different fibre radii embedded
in a given matrix o f constant outermost radius. This parametric study may help evaluate
as to whether the interfacial debonding is fracture-governed or strength-governed for a
certain composite system [34]. In fact, Gao et al. [17] compared the maximum debond
stress <rd* predicted by the fracture mechanics-based models o f Gumey and Hunt [13],
Outwater and Murphy [14] and Gao et al. [17] and the early shear strength-based model
o f Takaku and Arridge [8 ] w ith experimental data [35] on a steel wire-epoxy matrix
composite systems. They [17] showed that the fracture mechanics models are better and
more accurately describe the debond stress than the shear strength model for a range of
fibre volume fraction 7  between 0.0001 and 0.0064 (i.e. with varying wire radii from a =
0.1 mm to 0.8 mm in a matrix radius b =  10 mm). However, this comparison for the very
small range o f 7  does not lend any support to the conclusion that which model predicts 
more accurately the interfacial debonding and friction pull-out behaviours in practical
fibre composites, particularly when the fibre volume fractions 7  are as large as 0.65 to
0.7. In view o f the fact that most debonding theories developed based on a shear lag
model invariably assume a zero stress at the matrix free surface, their application to
practical fibre composites may be lim ited to only a small 7  so that any effect of 
interaction between fibres can be neglected. To accommodate this problem in a more
rigorous analysis, it  may be necessary to regard the matrix material surrounding a
centrally located fibre as a circular composite the properties o f which vaiy with 7  rather 
than a constant value as assumed in the traditional analysis. Experimentally pull-out
specimens can be made by varying the number o f fibres o f a constant radius in a given
matrix radius.
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<5. CONCLUSION
The present study critically examines two current theories (i.e. Hsueh [11,12] and Gao et 
al. [17]) o f fibre debonding and pull-out based on the shear strength and fracture 
mechanics criteria respectively. Plots o f partial debond stress a /  as a function o f partial 
debond length (L-z) identify three different cases o f interfacial debond process using the 
instability condition (do//dz <  0): (i) totally unstable fo r L  <  z ^ ; (ii) partially stable 
fo r L  >  z ^ ; ( iii)  totally stable when z ^  «  0, where z ^  is the maximum bond length 
below which the debond process becomes unstable. The stability is governed not only by 
elastic constants, relative volume o f the fibre and matrix but more importantly by the 
nature o f bonding at the interface and embedded fibre length. For each debond process, 
solutions fo r the maximum debond stress <rd* in Hsueh’s model are given.
Comparisons o f the maximum debond stress ad* between the two theories and 
experimental results o f epoxy-based matrix composite systems show that Gao e ta l. ' s 
model predicts the trend o f crd* very well for long L  but it always overestimates <rd* for 
very short L . In contrast, Hsueh’s model has the capability to predict <rd* for short L , but 
it  frequently needs significant adjustment to the parameter rb fo r a better f it o f the 
experimental data for long L. For a ceramic-based matrix composite, ad predicted by the 
two models agrees exceptionally well with the experiment over almost the whole range 
o f L, a reflection that the stable debond process assumed in these theories is achieved 
in practice since z ^  *  0 .
W ith respect to the in itia l frictional pull-out stress a{ after complete debonding, 
the agreements between the two theories and experiments is excellent for a ll L  and all 
composite systems. Comparison o f the calculated values for the pull-out parameters 
reveals that the solutions for <j{ proposed by the two models are essentially identical i f  the
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fibre volume fraction 7  is negligible. This means that Gao et al. ’smodel can be more 
conveniently used than Hsueh’s model to determine accurately the important interfacial 
properties such as residual clamping stress q0 and coefficient o f friction, p...
It is quite obvious that Gao eta l.' smodel needs some modification i f  an accurate 
prediction o f 0 /  is sought for very short L. These include varying interfacial fracture 
toughness G* w ith debond crack growth, unstable debonding for very short L , and 
inclusion o f shear deformation in the matrix for the evaluation o f G* and fibre stress 
distribution. Further work is required to obtain refined solutions o f Gao etal. ’smodel in 
the context o f a fracture mechanics approach. The details o f this w ill be reported 
elsewhere. Hsueh’s model may also be improved to obtain a better solution for the fibre 
stress during progressive debonding by including the effect o f matrix axial stress existing 
at the debonded region.
ACKNOWLEDGEMENTS
The authors wish to thank the Australian Research Council for continuing support o f this 
work which forms part o f a larger project on "Development o f High Strength and High 
Fracture Toughness Composites with Controlled Interfaces." Thanks are also due to B. 
Cotterell and M .V . Swain for many useful suggestions and stimulating discussions. The 
use o f facilities at the United Kingdom Royal Aerospace Establishment is also 
acknowledged where the pull-out tests o f carbon fibre-epoxy matrix composites were 
carried out. One o f us (J.K.K.) is supported by an Australian Postgraduate Research 
Award, a P.N. Russell Scholarship and a Junior Research Fellowship.
28
REFERENCES
1. J.K. K IM  and Y.W . M A I, Comp. Sci. Tech. (1991), in press.
2. A . KELLY and W.R. TYSON, J. Mech Phys. Solids, 13 (1965) 329.
3. A . KELLY, Proc. R. Soc. Lond, A282 (1964) 63.
4. B. M ILLER, P. MURI and L. REBENFELD, Comp. Sci. Tech. 28 (1987) 17.
5. M .K . TSE, SAMPE J. 21 (1985) 11.
6 . H .L. COX, B rit. J. Appl. Phys. 3 (1952) 72.
7. L.B . GRESZCZUK, Interfaces in Composites, ASTM STP 452 (1969) 42.
8 . A . TAKAKU and R.G.C. ARRIDGE, J. Phys. D: Appl. Phys. 6  (1973) 2038.
9. P. LAWRENCE, J. Mater. Sci. 7 (1972) 1.
10. V . LAWS, P. LAWRENCE and R.W. NURSE, J. Phys. D: Appl. Phys. 6  (1973) 
523.
11. C.H. HSUEH, Mater. Sci. Eng. A123 (1990) 1.
12. Ib id, A125 (1990) 67.
13. C. GURNEY and J. HUNT, Proc. R. Soc. Lond. A 299 (1967) 508.
14 J.O. OUTWATER and M .C. MURPHY, Proc. 24th Conf. SPI (1969) Paper 11C.
15. H. STANG and S.P.SHAH, J. Mater. Sci. 21 (1986) 953.
16. J.K. WELLS and P.W.R. BEAUMONT, J. Mater. Sci. 20 (1985) 1275.
17. Y.C. GAO, Y.W . M AI and B. COTTERELL, J. Appl. Math. Phys. (ZAMP) 39 
(1988) 550.
18. C. ATKINSON, J. AVILA, E. BETZ and R.E. SMELSER, J. Mech. Phys. Solid. 
30 (1982) 97.
19. C.K.Y. LEUNG and V.C. L I, Composites 21 (1990) 305.
20. Idem, submitted to J. Mater. Sci. (1990).
29
21. C.H. HSUEH, J. Mater Sci. Lett. 7 (1988) 497.
22. E.P. BUTTLER, E.R. FULLER, Jr. and H.M . CHAN, Mat. Res. Soc. Symp. Proc.
170 (1990) 17.
23. J.K. K IM , C. BAILLIE and Y.W . M AI, Scrip. M etall. Mater. (1991), in press.
24. V .M . KARBHARI and D.J. W ILKINS, Scrip. M etall. Mater. 24 (1990) 1197.
25. J.D. BRIGHT and D.K. SHETTY, J. Am. Ceram. Soc., in press.
26. C. CAZENEUVE, J.E. CASTLE and J.F. WATTS, J. Mater. Sci. 25 (1990) 1902.
27. P. DENISON and F.R. JONES, J. Mater. Sci. 23 (1988) 2153.
28. J.G. W ILLIAM , M .E. DONNELLAN, M.R. JAMES and W .L. MORRIS, Mater. 
Sci. Eng. A 126 (1990) 305.
29. T.C .TSAI, A .M . AROCHO and L.W . GAUSE, ibid, 294.
30. M.R. PIGGOTT, polym. Comp. 8  (1987) 291.
31. G.C.PAPANICOLAOU, G.J. MESSINIS and S.S.KARAKATSANIDIS, J. Mater. 
Sci. 24 (1989) 395.
32. P. BARTOS, J. Mater. Sci. 15 (1980) 3122.
33. M .R. PIGGOTT, Comp. Sci. Tech. 30 (1987) 295.
34. C .K.Y. LEUNG and V.C. L I, J. Mater. Sci. Letters (1991), in press.
35. J.K. WELLS and P.W.R. BEAUMONT, J. Mater. Sci. 14 (1985) 1275.
30
Table 1. Fibre pull-out parameters and interfacial properties for different fibre composites.
Composite
system
Fibre surface 
condition
Fibre pull-out parameters Interfacial properties
*o*
(GPa)
X
(mm*1)
<r
(GPa)
z - *
(mm)
Gle*
(1/m2)
A* <!o
(MPa)
Tb * *
(MPa)
rt
(MPa)
carbon fibre- 
epoxy matrix
both untreated 
and oxidised
3.4 1.5 5.4 0.152 37.7 1.25 -9.97 72.7 12.2
steel wire- 
epoxy matrix
uncoated 1.95 0.0142 2.41 7.8 1316 0.48 -8.85 43.5 5.0
release agent 
coated
0.316 0.0065 1.98 6.5 34.7 0.22 -7.28 8.96 1.77
SiC fibre- 
glass matrix
untreated 0.149 0.0304 2.92 0.06 0.964 0.048 -64.5 3.18 3.11
acid treated 0.235 0.049 3.27 0.08 2.40 0.078 -72.3 5.83 5.60
* applies to Gao et al.'smodel
**  applies to Hsueh’s model
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FIGURE CAPTIONS 
FIG. 1
A schematic of the partially debonded fibre in a fibre pull-out model.
FIG. 2
Frictionless initial debond stress <r0 values determined from the pull-out test of release agent coated wire- 
epoxy matrix composites.
FIG. 3
Plots of partial debond stress <r/ as a function of debond length (L-z) calculated based on (a) Eq 1 of Gao
e ta L 's model and (b) Eq 4 of Hsueh’s model for carbon fibre-epoxy matrix composites:-------- frictionless
debond stress component; • • friction stress component; ---------- partial debond stress.
FIG. 4
Schematics of applied stress (o) versus displacement (5) relationship during single fibre pull-out 
tests for (a) totally unstable (L ^  z ) (b) partially stable (L > and (c) totally stable (z ^
*  0) debond processes.
FIG. 5
Comparisons between experimental results and theoretical predictions of (a) maximum debond stress <r/ 
and (b) initial frictional pull-out stress <rf as a function of embedded fibre length L for carbon fibre-epoxy
matrix composites. Experiments: O  untreated fibres; £  oxidised fibres. Theories:-----------Gao ex a l.;
----------Hsueh.
FIG. 6
Comparisons between experimental results and theoretical predictions of (a) maximum debond stress o'/ 
and (b) initial frictional pull-out stress <rf as a function of embedded fibre length L for stainless steel wire- 
epoxy matrix composites. Experiments: O  uncoated wires; #  release agent coated wires; ^  broken wires 
without being pulled out. Theories: - Gao et al.;-------- Hsueh.
FIG. 7
Comparisons between experimental results and theoretical predictions of (a) maximum debond stress <r/ 
and (b) initial frictional pull-out stress c{ as a function of embedded fibre length L for SiC fibre-borosilicate
glass matrix composites. Experiments: O untreated fibres; #  acid treated fibres. Theories:---------Gao et
al.; Hsueh.
FIG. 8
Plots of matrix axial stresses at the fibre-matrix interface (r = a) and at the outermost surface (r = b) 
along the fibre direction z for the carbon fibre-epoxy matrix composite with embedded fibre length L = 
300 jtm.
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